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Abstract
High qual i ty and high resolut ion record of Brunhes/Matuyama
polari ty transit ion was obtained from deep-sea sediments of ODP Leg
124 dri l led in the Celebes and Sulu Seas. l t  has been shown recently
that the transit ion records of young geomagnetic reversal from
sediments show preferred longitudinal bands of VGP over the
Americas and i ts ant ipode. The simi lar i ty in the distr ibut ions of
preferred bands and physical propert ies in the lower mantle led to the
speculat ion of lower mantle control on the VGP paths during
geomagnet ic reversals.  However,  due to non-uni form si te distr ibut ion,
the possibi l i ty that these bands are explained by preference of the
site and VGP distr ibut ion *90o away from the si te can not be ruled
out. There is another report that VGPs of transit ional records from
volcanic rocks of recent reversals make clusters over western
Austral ia and southern part of South America. This idea is also
chal lenged by compi lat ion of  large amount of  t ransi t ional  records
from volcanic rocks.
A detai led descript ion of a ful l  polari ty reversal is strongly
required to solve these problems. Advanced piston core (ApC) samples
with high magnet izat ion intensi ty and high sedimentat ion rate were
recovered from ODP Leg 124. Pass-through measurements were
conducted at intervals of 5 mm on APC samples across the
Brunhes/Matuyama polari ty transit ion for Holes 767B , 7694 and 7698.
Pass-through data need to be deconvolved to get higher spacial
resolut ion and thus higher t ime resolut ion records.  A new ABIC-
minimizing deconvolut ion for ODP SQUID magnetometer was developed
in Part I  of this study to enhance the resolut ion of the magnetometer.
The resolut ion has been shown to be enhanced from 11 cm of or iginal
response to 2 cm in maximum. The scheme was shown to be stable and
was appl ied to the pass-through data from ODp Leg 124.
i i
The results from the three holes are in good agreement,
especial ly between two Holes of Site 769, 7694 and 7698, which are
about 100 m apart.  VGP shows eastward swing to north Atlant ic just
after the equator crossing. Relat ively stable intermediated vGP
posit ions were recognized before and after the transit ion. The
intermediate VGP posit ions after the reversal persisted for about
2000-3000 yr.  These intermediate VGPs can be comparat ive to the
sediment record of Brunhes/Matuyama boundary from the Boso
Peninsula,  Japan. The longi tudinal  d istr ibut ion of  t ransi t ional  VGPs
support the idea of preference of the si te and VGP distr ibut ion +90o
away from the si te. The relat ive intensity was also est imated and
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Geomagnet ic reversals and i ts relevance
1. Geodynamo
One of the last fundamental questions in Earth sciences is how
the geomagnetic f ield is generated and is able to reverse i ts polari ty.
The numerical  solut ion of  the fu l l  nonl inear dynamo problem has so
far only been obtained for two highly ideal ized models having l imi ted
geophysical relevance (Glatzmeier, 1984; Zhang and Busse, 1990) and
reversing dynamos st i l l  seem some way off .  However, there is a
general  agreement that  the dynamo equat ions are suf f ic ient ly
nonl inear to al low reversing solut ions and that s imple analogue
equations, such as those of the coupled disk dynamo of Riki take
(1958),  exhibi t  spontaneous and apparent ly random polar i ty reversals.
2.  Solar magnet ic f ie ld
ldeas on the geodynamo and i ts reversals are inf luenced by
theories of the solar dynamo. The mechanisms of solar dynamo is
better understood than the geodynamo, because the development of the
solar magnetograph (Babcock and Babcock, 1gss) permitted direct
measurement of the weak general poloidal f ield of the Sun, the solar
magnetic f ield reverses nearly periodical ly with the sunspot cycle of
11 years (Howard, 1974), and the shortage of the cycle enables us to
get enough observational data of reversals with longer term
variat ions (Eddy, 1977). The periodic behavior of the solar sunspots
led to osci l latory solut ions in terms of a dynamo wave mechanism
which reproduces the Maunder "butterf ly" diagram of sunspot density
plot ted against  lat i tude and t ime (Parker,  1979).  Solar f  ie ld reversal
is preceded by expulsion of toroidal f lux through the surface with
accompanying pairs of sunspots. Pairs of sunspots migrate toward the
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equator and bui ld up into a complete f ie ld inversion.
The dominance of the toroidal f ield on the Sun, produced by
dif ferential  rotat ion in the solar convection zone, was adopted in
ear ly geodynamo models (Elsasser,  1946; Bul lard and Gel lman, 1954).
The importance of sunspots and toroidal f ield expulsion prompted Cox
(1975) and later Gubbins (1987) to associate secular var iat ion s imi lar
to f lux expulsion with bui ld up to a reversal.  The success of dynamo
waves in explaining the migrat ion of sunspots led Hagee and Olson
(1987) to use them in an interpretat ion of  long-term secular
var iat ion.
3.  Core mant le interact ion
Hide (1967) was f  i rst  to point  out  the potent ia l  importance of
core-mant le interact ions for  core mot ions and the geomagnet ic f ie ld.
Three principal mechanisms of coupl ing have been considered (e.g.
Gubbins, 1994): topographic (the effect of bumps on the interface on
f lu id f low),  e lectromagnet ic ( the coupl ing through the magnet ic force
of electr ic currents f lowing in the mant le) ,  and thermal ( the response
of core f lows to lateral variat ions in heat transport across the
interface).  By incorporat ing core-mant le interact ion into the dynamo
theory the paleomagnetic observations can be l inked with other
geophysical data. Large-scale temperature anomalies on the surface
impart a similar ly large scale to the underlying convection (Zhang and
Gubbins,  1993),  faci l i tat ing numerical  computat ions and making the
rapidly rotat ing regime more accessible.  The most compel l ing
evidence for core-mantle interact ion comes from the decade
variat ions in the length of the day. This variat ions can only be
explained by exchange of angular momentum between the manile and
core, and there is now quite convincing agreement between the
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observed length of day and that calculated from f low of f luid in
core using angular momentum balance (Jackson et  a l . ,  1993) and
theory of  e lectromagnet ic oupl ing (Stewart ,  1gg2).
4.  Secular var iat ion
Historical records of geomagnetic f ield appear to show
confinement away from the Pacif ic Ocean with apparent blocking of
the westward dri f t  near the west coast of the Americas and vigorous
activi ty in the South Atlant ic and Indian Ocean regions (Bloxham and
Gubbins,  1985).  l f  the sol id mant le controls the dynamics,  then
inferences from the last 400 years of histor ical observation wi l l  be a
guide to longer- term changes and, possibly,  to the paleomagnet ic
record and reversals, because the mantle has remained essential ly
stat ic for  several  mi l l ion years.
Constable (1992) suggested on the basis of the VGPs of volcanic
rocks from 65 sampling si tes over the past 5 Myr that the VGps show
preferred distr ibut ion in longi tudes, which is s imi lar  to the
preference of  the VGPs dur ing polar i ty t ransi t ions.  Quidel leur et  a l .
(1994) reanalyzed and updated the database, and concluded that the
preference of VGP distr ibut ion seen in Constable's data can be
attr ibuted to the uneven distr ibut ion of si tes and i ts far-sided VGP.
5. Distr ibut ion of  vGPs dur ing geomagnet ic reversals
Recently long-l ived preferred longitudinal bands of VGP paths of
the geomagnet ic f ie ld dur ing polar i ty t ransi t ions have been focused
(Tr ic et  a l . ,  1991; c lement,  1gg1) in rerat ion wi th the core-mant le
boundary condi t ions by Laj  et  a l .  (1991).  valet  et  a l .  (1992) rejected
the idea of preferred longitudinal bands by chi-square test on the




is pointed out that the preference of VGP longitude can also be
explained by the preference of si te longitude distr ibut ion and VGPs
+90o away from the si tes.
The clustering of transit ional VGPs over western Austral ia and
southern part of South America are also reported on volcanic rock
records of recent reversals (Hoffman, 1992; Brown et al . ,  1994). On
the contrary, (Pr6vot and Camps, 1993) compiled 400 intermediate
pofes from 121 volcanic records of excursions and reversals less than
16 Ma old, which does not confirm VGP clusters and rejected the idea
of lowermost mant le control  on the t ransi t ional  f ie lds.
6.  Ocean Dri l l ing Program and this study
For better understanding of the mechanism of geomagnetic
reversals, i t  is quite important to get the rel iable and precise records
of geomagnet ic polar i ty t ransi t ion f ie ld.  The geographical  d istr ibut ion
of the recording si tes are not uniform and addit ional si tes are
strongly required for each polar i ty t ransi t ion (e.g.  McFadden, 1gg3).
The distr ibut ion of volcanic rocks that have recorded geomagnetic
polari ty reversals is l imited to the act ive hot spot area. Thus,
sediments especial ly from deep-sea basins can be the most powerful
recording media of  geomagnet ic f ie ld of  polar i ty t ransi t ions.
ocean Dri l l ing Program (oDP) has extremery high potential  for
transit ional f ield study in several aspects. First is i ts world wide
operat ion which ensures the global distr ibut ion of the si tes. Second
is that  the magnet ic mineral  in deep-sea sediment is less al tered than
sediments from land sect ions that may suffer from chemical change
of interst ic ia l  water.  Third is that  the dr i l l ing by advanced hydraul ic
piston corer (APc) enables us to get deep-sea sediment samples
without s igni f icant dr i l l ing disturbance down to zoo meters below
f,
sea f loor. This technique has enabled us to get high resolut ion records
of polari ty transit ion at the si tes of high sedimentat ion rate. Fourth
is the continuous paleomagnetic measurement just after the recovery
of APC samples by a pass-through type SQUID magnetometer on ship.
However, the sensor pick-up coi ls have wide half  width of about 11
cm and the deconvolut ion scheme that enhances the resolut ion of the
magnetometer has not yet been developed. In this study, a new ABIC
minimizing deconvolut ion for  oDP's SQUID magnetometer system is
developed and invest igated in Part l .
ODP Leg 124 was operated in deep sea basins of Celebes and Sulu
Seas. Extremely high resolut ion paleomagnetic records were obtained,
because the sedimentat ion rate is very high (up to 10 cm/kyr) and the
concentrat ion of magnetic mineral is very high due to volcanic
act iv i ty surrounding the basins (Rangin and Si lver,  1gg0).  pass-
through measurements were conducted at intervals of s mm on ship
for the sediments recording Pleistocene polari ty reversals. The pass-
through data of Brunhes/Matuyama polari ty transit ion were obtained
from Holes 7678, 7688, 769A and 7698. These pass-through data
were analyzed by using AB|C-minimizing deconvolut ion developed in
Part I  of this study. The results from three Holes 7678, 7694 and
7698 show good agreement, especial ly between 769A and 7698. The
detai ls of  geomagnet ic f ie ld dur ing the Brunhes/Matuyama polar i ty
transi t ion is discussed in Part  1 l  of  th is study.
The pass-through paleomagnet ic data and suscept ib i l i ty  data
used for the study were obtained on oDp Leg 124 by ship-board
paleomagnet ists,  Drs.  Hidetoshi  Shibuya, Dean Merr i l l  and Vindel l  Hsu.
The paleomagnetic ube samples were also taken by them and brought
back to Japan by Dr. Hidetoshi Shibuya. He measured six of them and I
measured al l  other samples. I  measured the standard response curves
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for ODP SQUID system during the cruise of Leg 139 with the help of
Ulr ike Korner.  I  developed a Fortran Program of ABIC-minimizing
deconvolut ion for pass-through paleomagnetic data of ODP. I  analyzed
the pass-through data by using this program and invest igated the
results of deconvolut ion combined with the paleomagnetic results of
cube samples. Dr. Hidetoshi Shibuya inspired me to make use of ABlc
and LDU decomposit ion in the deconvolut ion scheme.
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Part I: Deconvolution of long-core paleomagnetic data of
Ocean Drilling Program by ABIC minimization
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A bst ract
Deconvolut ion of long-core paleomagnetic data of Ocean Dri l l ing
Program (ODP) was developed based on the Bayesian stat ist ics. The deep-
sea sediments dri l led by advanced hydrauric piston corer (APC) can be an
important source of high qual i ty paleomagnetic data. Pass-through
measurements of APC samples by a cryogenic magnetometer on ODP's
research vessel enable us to get paleomagnetic records continuously.
Because the spacial resolut ion of pick-up coi l  is about 11 cm and
deconvolut ion is necessary to enhance the resolut ion. The off-centered
configurat ion of the measurement produces cross terms between x and z
axes. The smoothly changing magnetizat ion was modeled in 3-dimensional
space with constraints parametr ized by 2-norm of second derivat ive and
was deconvolved as a smoothness constrained least squares method. The
optimum smoothness was obtained by minimizing Akaike's Bayesian
lnformat ion Cr i ter ion (ABIC) which is a measure of  -2 log (maximum
marginal  l ikel ihood).
The deconvolut ion was appl ied to the art i f ic ial ly produced pass-
through data with a Gaussian noise. The ampli tude of noise was est imated
properly and the variat ion of longer half  wave length than the cr i t ical
resolut ion was restored. The deconvolut ion was also appl ied to the real
pass-through data from two holes of ODP Leg 124 measured at intervals
of Smm. The deconvolut ion revealed f luctuations with maximum spacial
resolut ion of about 2 cm. The magnetizat ion of these two holes showed
favorable agreement especial ly in decl inat ion across the reversal
boundary.
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1 .  Introduct ion
The Ocean Dri l l ing Program (ODP) has long been using a pass-through
cryogenic magnetometer as one of  the rout ine measurements on 1.5 m-
long samples at intervals of 10 cm. The ODP's paleomagnetic data obtained
for advanced hydrauric piston core (APC) on board Joides Resolut ion is
invaluable,  because on-si te measurements prevent samples f rom
alterat ion and large cross sect ion (rt  x 3.3 cm x 3.3 cm 12 = 17.1 cmz)
increase the sensi t iv i ty of  measurements.  The measurements at  h igher
spacial resolut ion of higher sedimentat ion rate sediments enable us to get
detai led records of secular variat ions, excursions and reversal
t ransi t ional  f  ie lds.
The signal picked up by the sensor pick-up coi ls of the
magnetometer at a certain posit ion comes from the magnetizat ions lying
in the broad region of sensit iv i ty of the pick-up coi ls.  In order to obtain
real remanent magnetizat ion vectors of a long-core, the output of a pass-
through magnetometer needs to be deconvolved. Deconvolut ion is achieved
by an operat ion in frequency space as a division of the magnetometer
output by the sensor response. As the sensor response funct ion is usual ly
smooth bel l  shaped curve and has low ampli tude of higher frequency
component,  h igh f requency noise in the output s ignal  can easi ly be
exaggerated. Proper reduction of high frequency noise is necessary to get
a meaningful  solut ion of  the magnet izat ion.
The f irst attempt to deconvolve long-core paleomagnetic data was
made by Dodson et al .  (1974). They measured the magnetic remanence of a
1m-long core sample using the long-core cryogenic magnetometer,  and
deconvolved the data by low-pass-f i l ter ing in frequency space. The
appropr iate f i l ter  character ist ics were determined subject ively by v isual
analysis on display.
constable and Parker (1991) (c&P) developed an arternat ive
deconvolut ion scheme using a smoothness-constrained least  squares
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method for long-core paleomagnetic data. They assumed that the
magnetizat ions changed smoothly and expressed the data, the
magnet izat ion and the sensor response in terms of  cubic spl ine funct ions.
The smoothness of the magnetizat ion was measured by a 2-norm of the
second derivat ive, and the degree of smoothness was determined so that
the f i t t ing residual  equals the observat ional  error.  The observat ional
errors were est imated by looking at the root mean square value of
measurements beyond the region of inf luence of the core magnetizat ion.
Their deconvolut ion scheme was quite successful,  however, their scheme
tends to be unstable by underest imation of the noise level.
Recent ly,  Oda and Shibuya (1994) developed a new ABIC minimizing
deconvolut ion scheme. They appl ied the scheme on the whole-core
remanence data of a U-channel core measured at intervals of 5 mm, and
get the magnet izat ion consistent wi th the magnet izat ion of  th in sect ions
measured separately on the same cores. Their deconvolut ion scheme is
based on the smoothness-constrained l ast squares method and the
optimum smoothness was determined by ABIC (A Bayesian Information
Cri ter ion;  Akaike,  1980) minimizat ion.  ABIC minimizat ion is a l ikel ihood
maximizat ion on Bayes model,  through which pr ior  informat ion of  the
model can be introduced object ively. ABIC minimizat ion have already been
appl ied successful ly to several  geophysical  problems; t idal  analysis
(BAYTAP-G; Tamura et  a l . ,  1991),  est imat ion of  Bouguer reduct ion densi ty
(Murata,  1990),  and smoothing paleomagnet ic data (Tsunakawa, 1992).
Al l  the formerly developed deconvolut ion were conducted on each
magnet izat ion vector component separately.  Pass-through measurement of
ODP on archive half  samples are inserted in the lower half  of the bore hole
of the magnetometer.  This of f -centered conf igurat ion resul ts in the
appearance of cross term between along-core and direct ion vert ical to the
spl i t t ing plane. Thus, a new ABIC minimizing deconvolut ion was developed
to t reat three vector components s imultaneously incorporat ing the cross
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term. The newly developed deconvolut ion scheme was appl ied to the pass-
through data of ODP Leg 124 measured at Smm-interval and the
synthesized data, and the results were invest igated.
I4
2. Formulat ion
2.1 Equat ion of  observat ion
We assumed that the magnetizat ion is composed of uniformly
magnet ized thin s l ices of  constant th ickness. Pass-through measurements
on ODP's research vessel are conducted on archive-half  core samples
which were spl i t  f  rom 1.5m-rong whole-core samples.  Dur ing
paleomagnet ic measurements,  archive-hal f  cores pass through in the
lower hal f  of  the bore-hole (Fig.  1a).Due to th is conf igurat ion,  x
component of magnetizat ion appears in Z-axis pick-up coi l ,  and z
component in X-axis (Fig.  1b).
Under the condit ion mentioned above, the equation of observation in
a discrete form can be expressed by a matr ix equation that connects
magnetometer output,  response funct ion and magnetizat ion as
d=Rom*e
Here d denotes the whole-core remanence data, m is the magnetizat ion of
the sample, Ro is a matr ix whose columns are composed of the sensor
responses, and e is the noise in the whole-core data. Because the true
response function Ro can not be known practically, this should be replaced
by an empirical response R. The error of the empirical response can be




where e = -6Rm + e is an equivalent noise. As a result ,  error in the
response funct ion is included in e and empir ical response can be used in




(a) X-Axis Coil (b)
Y-Axis Coil
+
Fig. 1. (a) Configurations of Pick-up coils and archive half sample during pass-
through measurement for X, Y and Z axes. (b) Sensor response curves for each axis
(solid l ines) and cross terms (broken l ines) in X and Z axes, compared with the old
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where each subscript on d, m, and r,  as x, y and z corresponds to X, Y andZ
component, respectively. Subscripts on response matr ix R, as xx, zx, yy,
xz and zz corresponds to X-component of magnetizat ion to X-axis pick-up
coi l ,Z to X, Y to Y, XloZ, andZloZ, respect ively.  Each component of  d,  f f i ,





Here N is the total number of measured points, and M is the number of
uni t  s l ices of  the sample.  " / "  is  the number of  measured points beyond the





B,o corresponds to the center of the sensor.
2.2 Bayesian stat ist ics
We assumed that the noise in three axes are independent and can be
expressed as a Gaussian noise of zero mean and variance v. The l ikel ihood
function of the whole-core data is given by
L(drm,v) = (#H*p( # ld - Rdr2). (4)
where l l . l12 represents Eucr id ian norm.
In order to reduce the instabi l i ty  of  the solut ion,  the magnet izat ion
is assumed to change smoothly along core. The smoothness of the
magnetizat ion can be measured by 2-norm of second order dif ference as
M
I  ( l  
- . ,  
-2^* i - r*  mxj-21, * l - r :  -2myi-r+my j -21,  * l^rr-2m"j-r+m,rzl2l
i=1
This can be presented simply by a matr ix expression as
l lD*m*ll2
where D'denotes a matr ix of second order dif ference composed of D.,.
representing second-order dif ferences for one component. m. is composed
r  lL-2 I  0\
l ,n i  = l  l ,
'  \0 l -2 l l
-* 




of magnet izat ion vector and six proper ly chosen parameters f f ix_1 ,  f f ix  o,  f f iy
- , ' , f f iy0, f f i2-r ,  df ld m,o.  This can be transformed by using modif ied form of
second-order di f ference matr ix D and vector z to isolate newly
introduced parameters f rom magnet izat ion vector.
l lz  -  Dmll2




2 = (-m*_,*2m*0, - f f i* . ,0, . . . ,0,  
- Iny_r+2myo, - mro, -mror0r. . . r0)T
ln order to express smoothly changing magnetizat ion, the second-order
dif ference is assumed to distr ibute as a Gaussian with zero mean and
variance v/u2. By using a matr ix expression above, the prior distr ibut ion of
magnetizat ion m is given by
n(mlv,u) =(*V In ,p tl*n1 fin-nmrr2)
Here z is a hyper parameter that express the degree of smoothness,
represents determinant of  the matr ix inside. Eq.(5) is normal ized to
uni ty under integrat ion to inf in i ty.
According to the Bayes' theorem, the posterior distr ibut ion of the
magnet izat ion is const i tuted by the l ikel ihood funct ion and the pr ior





rcoorl(mld,v,u) * L(dlm,v) n(mlv,u).
t  i  r3Nl r t3M, , l  /  
^ \
=l*)T\ffi)2 lD tD li exp(- i)o'" ,
where
S = l ld -  Rmll2 + t2 l lz-  Dmll2
Minimizat ion of S can be interpreted as a constrained least squares
method, which is general ly used for solv ing inverse problems (e.g.
Tarantola,  1987; Dimri ,  1992).
2.3 Akaike's Bayesian Informat ion Cr i ter ion (ABIC)
A Bayesian Information Cri ter ion (ABIC) was proposed by AKAIKE
(1980) to determine opt imum parameter for  Bayes models,  which is given
by a log maximum marginal  l ikel ihood as
(6)
(1)
ABIC - - 2togf n'",,,-,U, v, u) dm.
/  (8)
+ 2 (number of adjusted hyperparameters)
By substi tut ing Eq.(6) to Eq. (8) ABIC is calculated as
ABrc - -2tog/ t*t+ *vln,uF *p(- i") dm + 2
Eq. (Z) can be transformed by using
= 3N log 2nv -3Mlog u2 - tog ln,ol - 2 
f 
' ' '3M
,"rJ (#) , 
".0(-i|)o-*t
(e)
n=i d I ana r=i Rtuz) L uD j
20
S=l lb-Fml l2 (10)
where mois m that minimizes S. As the best solut ion Fmois c loser f rom b




S = i lb- Fmslt2 + l lF(m_me)i l2
= S* + l l  F(m-ms) i l2 (11)
where S* = lld - Rmell2 + u2llz - Dmsll2.
The integral  in Eq.(9) can be carcurated by subst i tut ing Eq.(10) and Eq.
(1 1) successively as
- 2tog 
I t*tr".'(- # dm = - 2tog I t*tr"*( ,ug) *p(- + r F(m-me) rr2om
Again go back to Eq. (9) and subst i tute Eq.(12),  then get
(13)
By dif ferentiat ing with respect to v we get v that minimizes ABIC as
V.in=s'/3N. The finar form of ABrc can be obtained by substituting v,n,n to
Eq. (12) as
ABIC = 3111or 2nS- +3N- 3Mlog u2 _logln,Ol*tog j f t f l  +Z (14)
= ; -2tos I t#tr"-n(-firrF(m-ms)tt2)om (tz)
= 
+ + roglrtrl
ABIC - 3N log 2nv +Sl -:utog u2 - log In,nl * tog lf rfl + Z
2l
2.4 Matr ix calculat ion
we can obtain mo in Eq. (1 4) by basic matrix carcurations. The
parameters in z are included in m* combined with m, which can be
minimized simultaneously.  The formula is modif ied as
l ld - Rmell2 + u2llz- Dmell2 = l lb - Fmell2
= l lb* -  F.m[ l l2
where
Minimizat ion of  l lb ' -F 'mo. l l2can be accompl ished by solv ing F'rb-=F'rF-rro-.
Given G=F.rF',  magnetizat ion can be obtained by
m*0 = 6- lPxTOx
(1s)
(16)
G-lcan be calculated by LDU decomposit ion using Modif ied Cholesky Method
(Togawa, 1971) and m.o was obtained by Eq. (16).
Minimum ABrc is searched in /nuspace by ini t ial ly bracketing by
Golden Section Search and subsequently converging by Brent,s Method to
tolerance of 0'1 which is enough for convergence in this case (press et al .
,  1992).
2.5 Error and resolut ion
) )
I t  can be shown that the magnetizat ion distr ibutes as Gaussian
fol lowing the covariance matr ix
e2G-l
Let g' ,  be the i th diagonal component of G-1, the est imated error of
magnetizat ion for i - th sl ice can be expressed by
omi = tGii
(r7)
( r7 ' )
where eis the standard deviat ion of magnetometer output,  which can be
estimated from the residual of model and measurement. Factor 1.96 is
mult ipl ied to omi to get 95% confidence l imit  for the magnetizat ion. The
non-diagonal component of covariance matr ix means degree of dependence
on the neighboring data points. The matr ix components of x-axis are
typically look like as Fig. 2a. The resolution of the data points can be
defined as the width of zero crossing points. Resolut ion at the center of
the core for x, y and z axes were calculated and the average value is
defined as the resolut ion for the data. For a given response matr ix and




































3. Appl icat ions
3.1 Descr ipt ion of  measurement system
Just af ter  the dr i l l ing about 9.Sm-long APC "Cores" are cut  into
1.5m-long "Sect ions".  These whole-round samples are sent to mult i -
sensor-track and are subsequently spl i t  into working and archive halves.
The archive halves are measured by using a pass-through type SQUID
rock magnetometer (SRM) of 2G Enterprises (model 760R) on board Joides
Resolut ion (Fig. 3).  Samples are inserted in the bore hole of the
magnetometer by a plast ic container connected to a stepping motor with a
polyurethane rope. The samples are demangeized at several demagnetizing
steps with an AF demagnetizer (model 2G600) in three axes in l ine with
the cryogenic SRM. A FASTCOM4 mult i-serial  communicat ion board was
instal led in the PC-AT compat ib le computer which controls the SRM, the
demagnetizer, and the stepping motor that transports the core samples.
The SQUID electronics of the SRM are operat ing at the 1X scale and using
f lux-count ing mode. The X-axis component of  SQUID magnetometer must
be inverted to get vector components in sample frame (Core-north, Core-
east,  Down-core).
Sensor response curves were obtained by measurements on thin
half-circle-shaped standard samples made of magnetic tape magnetized
to X, Y, and Z axes. Measurements were conducted twice for each axis and
were averaged to get sensor response curves (Fig. 1b). Note that the
magnetizat ion in X-axis is detected by Z-axis pick-up coi l  with peak
ampli tude of about 10"/.  of X-axis ampli tude and magnetizat ion in Z-axis
appear in X-axis coil as 20"/" ol X-axis.
3.2 Synthet ic data
In order to test  the deconvolut ion scheme, synthet ic magnet izat ion
























Fig.  3.  Schematic diagram of
SQUID magnetometer on ODP's
text  for  detai led explanat ion.
measurement system of









Fig. 4. ABIC values are plotted versus /nu
of synthet ic data wi th Gaussian noise of
minimum value of -26188 where /nu equals
a downward convex curve.
values for the deconvolut ion
S/N=51.6.  ABIC comes to
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Fig. 5. Results of deconvolution for the synthetic magnetization record with polarity reversal and f luctuations in Y and Z axes.
Results for X, Y and Z axes are shown from left to r ight columns. The top row represents magnetic moment art i f icial ly produced
from the synthetic magnetization record by convolution and superimpose of Gaussian noise with S/N ratio of 51.6. Middle row
shows residual of the original magnetic moment and the magnetic momemt for model magnetization after deconvolution. Bottom row
shows the original synthetic magnetization before convolution (broken l ines) and the model magnetization obtained by deconvolution
(dots).
x=0
y = lx10-6 (# + 0.05 sin ]ff i)
z = 1x10-6 (0.3 # + 0.t sin ffi i)
where i  is an index of the data points. The measurement spacing is set to
Smm and the length of the core is 150 cm. 15 cm on both sides of the core
were also included in the measurement.  In order to mimic the geomagnet ic
reversal records, y and z data is designed to change i ts polari ty around
middle of  the synthet ic long-core data wi th s inusoidal  f luctuat ions of  5
cm and 20 cm wave length, whi le x is constantly zero to see the cross
term produced by the z component magnetizat ion. After convolving the
magnetizat ion by the sensor response curve, Gaussian noise was added
with the ampl i tude corresponding to S/N rat ios of  51.6.
ABIC draw simple downward convex curve versus lnu and comes to
minimum of -26188 at  lnu = 3.41 (Fig.  a) .  The resul ts of  deconvolut ion are
shown on Fig. 5. The variat ion of shorter wave length in y axis (2.5 cm in
half  wave length) were smeared out by the noise and could not be detected
by deconvolut ion because the spacial resolut ion for lnu=3.41 is 5.4 cm
(Fig.2b).  On the contrary,  longer wave length f luctuat ion in z axis (10 cm
in half  wave length) are recovered by deconvolut ion. This f luctuation can
be seen before deconvolut ion, however, the ampli tude of f luctuat ion is
larger af ter  deconvolut ion.  This f luctuat ion in z axis (dots) is in good
agreement with the original one (broken l ine). The x component suffers
only l i t t le var iat ion which can be negl ig ib le.
The residual  for  a l l  the component distr ibute as a Gaussian without
any systematic change. The est imated S/N rat io for this case is 52.7,
which is very close to the value of the original data (51.6). These
character of noise are consistent with the primary assumption that the
noise distr ibute as a Gaussian.
(18)
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3.3 Real  data
Deep sea sediment cores from ODP Leg 124 were used as examples
of real pass-through data. High sedimentat ion rates and high
concentrat ion of magnetic mineral of these cores provided us materials
sui table for  detai led magnetostrat igraphic study (Rangin,  1990).  Four
sect ions f rom Site 769, 7698-7H6 (1.5m long),  7698-7H7 (0.7m long),
7694-7H4 (1.5m long) and 7694-7H5 (1.5m long),  which correspond to the
Brunhes/Matuyama polari ty transit ion, were used. These samples were
measured by a pass-through cryogenic magnetometer at intervals of 5mm
after exposure to alternating magnetic f ields of 15 mT and 20 mT
including 15 cm beyond the region of the cores on both sides.
The data needs three kinds of correct ions before deconvolut ion (Fig.
5). One is dr i f t  of the SQUID magnetometer, which is corrected by
subtract ing basel ine value on PC-AT computer automat ical ly just  af ter
the acquisi t ion of SQUID output signal.  Second are spike noises probably
related to electromagnetic noise, which is often recognized with the use
of other electronics near the magnetometer. This can be corrected by
replacing to the interpolated value. Third are abrupt stepwise changes,
one of which can be recognized as miscounting of f lux jumps. These jumps
exactly correspond to the magnetic moment of a f lux qunta (Qo) for x, y,
and Z axes (1J40 x 10-a emu/qo, 1.646 x 10-a emu/qo, and 1 .215 x lO-a
emu/Qo). These were corrected easi ly by adding or subtract ing the values
corresponding to the f lux quanta.  There are another k ind of  jumps, which
we could not specify the source. These values are around 1-6x10-s Am2,
which are smal ler  than f lux- jump related miscount ing.  The magnitude of
jumps were est imated by assuming smoothly changing trends. These two
kinds of jumps results in an apparent dr i f t  (Fig. 6a) and read to
overcorrect ion (Fig. 6b). After correct ions are completed (Fig. 6c), this
should be resumed (Fig.  6d).





















































distance along axis (cm)
Restore
baseline
0 50 100 150
distance along axis (cm)
Fig. 6. Diagram showing data correction procedures. (a) Row data directly acquired
by PC-AT computer contains real drift of the magnetometer and apparent drift caused
by jumps. (b) The difference between baseline value before and after the measurement
is considered as drif t  and l inearly interpolated values are stored in the f i le. (c) The
corrections of jumps and spike noises results in over-correction due to apparent
drif t  and (d) the baseline should be resumed by l inear interpolation.
l1
distance along axis (cm)
distance along axis (cm)
Table 1.  Flux jumps, other jumps and spike noises recognized for the pass-through
measurements are l isted. In each box left  hand value represent index number of the
post ions of  the noise and r ight  hand value are the magnitude of  noise in emu. Flux
jumps are l is ted in the uni t  of  f lux quana (X: 1.740 x 10-a emu/Oo, Y: 1.646 x 10-a
emu/@0, Z:  1.215 x 10-a emu/oo).
(,
t.J
Section Demag X Y z
f lux jumpother jumps spike noise flux jump other jumps spike noise flux jump other jumps spike noise
769A-7H4 15mT 162 -1 32 4.21E-Os
312 -3.1 2E-05
330 -3.40E-05
93 1.45E-05 93 1





769A-7H5 15mT 211 -3.55E-05
769A-7H5 20mT 224 -3.20E-05
333 3.14E-05
7698-7HO 15mT 35 1
311 -1
297 -3.36E-05 103 1.39E-05
215 1.75E-os
7698-7HG 20mT 35 1 296 -3.49E-05 7 2 1 .00E+00
229 1.76E-05




7698-7H7 20mT 145 -3.60E-05
173 3.33E-05
in Table 1.  These were recognized as discont inuous points by monitor ing
magnet izat ion and i ts di f ference simultaneously on display.  In these
cases, unknown jumps in Y-axis are the most frequent noises, which
sometimes appear at  the same posi t ion in di f ferent demagnet izat ion
levels.
3.3.1 Sect ion 7698-7Ho
The results of ABIC minimizing deconvolut ion on Section 124-7698-
7H6 are shown on Fig. 7. Magnetic moment measured with a pass-through
magnetometer,  residuals of  calculated model moment,  and magnet izat ion
obtained by the deconvolut ion are shown for X, Y and Z axes. ABIC comes to
minimum value ol -23465 when lnu equals to -2.09 (Table 2; case a). S/N
rat io for total magnetic moment is calculated by dividing root mean
squares of SQUID output, which is obtained as 566. As a result ,  the
deconvolut ion improved spacial resolut ion of magnetizat ion to about 2 cm
in maximum. Residuals are composed of white noise and periodic waves
whose wave lengths is about 15 cm.
Deconvolut ion by the sensor response curves customari ly used on
ODP, which were measured on the standard sample in the center of the
bore hole (Fig. 1b; dotted l ines), were also conducted and the results were
compared with those of the new response curves (Fig. 8).  The minimum
ABIC value is much higher (-20723) than that for the correct response
(-23465), indicat ing that the new response (Table 2; case a) is much
better than the old one (Table 2; case b). The est imated S/N rat io was also
lowered from 566 to 123 by using the old responses.
The response curve without cross terms were also used for the
deconvolut ion (Table 2;  case c).  The resul ts show higher minimum ABIC
(-23015) and lower S/N rat io (482), which indicate that the cross terms
improve the deconvolut ion. However, the dif ference of solut ion is not
signi f icant (Fig.  9) .
33
Table 2. Results of deconvolut ion are l isted for di f ferent measurements in dif ferent
condit ions. Average ABIC were calculated by dividing minimum ABIC values by number
of data and nmber of axes to compare the results in di f ferent condit ions. This value
represents minimum ABIC value for one vector component of one data point.
case Demag. Section Response curve Condit ions number number
of data of axes
minimum average S/N ratio
ABIC ABIC
lnu
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Fig. 7. Results of deconvolution for the pass-through data of 769B-7H6 after demagnetization at peak alternating f ield of 20 mT.
Results for X, Y and Z axes are shown from left to r ight columns. The top row represents magnetic moment art i f icial ly produced
from the synthetic magnetization record by convolution and superimpose of Gaussian noise with S/N ratio of 51.6. Middle row
shows residual of the original magnetic moment and the magnetic momemt for model magnetization after deconvolution. Bottom row
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Fig. B. The magnetizations obtained by deconvolution for the measurements of Section
769B-7HO at 20 mT AF demagnetization are plotted for the correct response curve
(solid l ines) and for the old response curve used conventionally on ODP's Research
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Fig. 9. The magnetizations obtained by deconvolution for the measurements of Section
7698-7H6 at 20 mT AF demagnetization are plotted for the correct response curve
(solid l ines) and for the response without cross terms (broken l ines).
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Fig. 10. The deconvolved magnetizations for the measurements of Section 7698-7H6
at 20 mT AF demagnetization by the correct response curve are plotted by solid l ines.

























The single component deconvolut ion by Oda and Shibuya (1994) was
also conducted separately in each axis (Table 2; case d, e, 0 bV using the
new sensor response curves without cross terms. Minimum ABIC
corresponding to one component of one data point ( later referred as
"average ABIC") was also calculated for general comparison. The results
are near ly the same as the new three-dimensional  deconvolut ion (Fig.  10)
except that average ABIC (-21.41) is larger than that of case a (-21.73).
S/N rat io averaged for the three axes was 479, which is lower than the
value for case a (566).
The dif ference between case c and case g is smaller than between
case a and case g, because both are deconvolved without cross terms. The
most signif icant di f ference recognized for these tests was between case
a and case b, which means that the old response curves formerly used on
Joides Resolut ion should be replaced by the new response curves.
3.3.2 Connect adjacent sect ions
In order to deconvolve two adjacent sect ions without breaks in
magnetizat ion, we have to deconvolve these two sect ions simultaneously.
Two ways to l ink adjacent sect ions into successive sequence were
considered and tested. One is to overlap data points of two data sets to
produce one data set with length of two sect ions as i f  i t  were measured
by a single pass-through, and deconvolve the data set by the same
equations formerly used. The average ABIC in this case is calculated as
-21.73 and S/N rat io is 552 (Table 2; case k).  The results are shown on
Fig.  11 (broken l ines) for  comparison with the resul ts wi thout connect ion
(dotted l ines).
Another is to calculate the magnet izat ion by using the fol lowing
vectors and matr ixes for deconvolut ion, which joint two data sets to one
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Fig. 11. The deconvolved magnetizations for the measurements of Sections 769B-7H6
and 76gB-7H7 at 20 mT AF demagnetization are plotted. The connection of two
adjacent sect ions are demonstrated by separate deconvolut ion (dotted l ines),
overlapping deconvolution (broken l ines), and non-overlapping deconvolution (sol id
l ines).
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Here, matr ix R is composed of R., and Rr, and two data sets d, and d, are
deal t  wi th separately,  whereas matr ix D is cont inuous along with
diagonal  component,  which means that the magnet izat ion is considered as
continuous between two adjoining sect ions. The average ABIC after
deconvolut ion fol lowing above equation is -21.86 and S/N rat io is 529
(Table 2; case 7). The average ABIC values separately obtained for 7698-
7H6 (Table 2; case a) and 7698-7H7 (Table 2; case h) were averaged (Table
2; case i  )  as -21.91 and average S/N rat io is 507. Comparing these three
cases, average ABIC is lowest for case i  and highest for case k with minor
dif ferences. The S/N rat io is highest for case k and lowest for case i .  The
resul ts are also shown on Fig.  11 (sol id l ines) for  comparison. The
dif ference between case j ,  and case a and h is very small  except within
about 5 cm of both sides of the junct ion at 150 cm. However, the results
of  case k (broken l ines) is dissimi lar  to both cases from 120 cm to 155
cm. Thus we take the method of deconvolut ion without overlapping (case
j) for the joint of two adjacent sect ions.
The results of deconvolut ion was also compared with the
magnetizat ion of cube samples taken from the working halves measured
after 20 mT AF demagnetizat ion (Fig. 12). The size of the cube sample
along core is 2.4 cm and the measurement spacing is 10 cm, so both the
resolut ion of the sample and measurement spacing are not enough for
comparison with the results of deconvolut ion in detai l .  However. these


























lnc l inat ion
Fig. 12. Decl inat ions, incl inat ions and intensit ies are plotted versus depth
(mbsf) for magnetization of pass-through data of Sections 7698-7H6, 7
before deconvolut ion (broken l ines), after deconvolut ion (dots with horizontal
bars representing 95% confidence l imits),  and magnetizat ion measured on cube
samples of the same Sections (open circles). Al l  the decl inat ion values are
corrected to north by counter-clockwise rotat ion of 126". Horizontal thick













The deconvolut ion was also conducted on samples from Hole 7694 as
cases n, o and p (Table 2). The results are nearly the same tendency as
those of Hole 7698 (cases i ,  j  and k) that the average ABIC is minimum for
separate deconvolut ion (case n) and maximum for overlapped case (case
p),  and S/N rat ios are inverse. Decl inat ion,  incl inat ion and intensi ty for
Holes 769A and 7698 are calculated from x, y and z components and
decl inat ion was corrected for the true north by the readings of mult ishot
or ientat ion tool  (100' for  7694 and 125' for  7698).  The resul ts show good
agreement especial ly in decl inat ion (Fig.  13).
The deconvolut ions for the data after 15 mT AFD were also
conducted on both 7694 and 7698 samples (Fig. 14). Both of the results
show almost the same f luctuation pattern as those for 20 mT except
small  reduction in intensity and minor changes in some places. Average
ABIC values and S/N rat ios (Table 2; case q-z) also show the same
tendency as the results ol 20 mT except S/N ratio for case y (701) is a
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Fig.  13. Decl inat ion,  lncl inat ion and Intensi ty are plot ted versus distance
along axis for  Holes 7694 (sol id c i rc les) and 7698 (open circ les) wi th
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Fig. 14. (a) The magnetizations after deconvolution are plotted for Sections 769A-
7H4 and769A-7H4-7H5 after 20 mT (solid l ines) and 15 mT (broken l ines) AF
demagnet izat ions.  (b) Same as for Sect ions 7698-7HG and769B-7H6-7H7.
- 20mT (case o)
------ . . . .  15mT (case y)
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(b) Sect ions 7698-7H6, 7
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4.1 Stabi l i ty  and rel iabi l i ty  of  deconvolut ion
The deconvolut ion scheme developed here was invest igated in detai l
in various condit ions for the real data. The correct response (Table 2; case
a) gave lower ABIC value than any other incorrect response curves. This is
qui te consistent wi th the pr inciple of  maximum l ikel ihood and conf i rm
that the correct sensor response curve is the best est imate. Although
ABIC is larger, the deconvolut ion without cross terms of response curve
are not so dif ferent from that of correct response. This may confirm the
stabi l i ty of the deconvolut ion with respect to response curve.
The noise est imated for the synthetic pass-through data are
consistent with the noise superimposed before deconvolut ion. This may
ensure that the deconvolut ion scheme is properly modeled as far as the
noise distr ibute as a Gaussian.
4.2 How to connect adjacent sect ions?
Two ways of joint ing adjacent sect ions were demonstrated in
addit ion to the separate deconvolut ion. The overlapping method (e.g. case
k) deconvolves the data as one succession and another method (e.g. case j)
deconvolves by using response matr ix composed of two separate blocks of
columns representing sensor responses. The former method draw curves
more smoothly across the junct ion,  however,  minimum ABIC is s l ight ly
larger than that of the latter method and the magnetizat ion show
meaningful  d iscrepancy within 30 cm of the jo int  f rom the separately
deconvolved results (e.9. case a and h). On the other hand, the dif ference
between case j ,  and case a and h is very small  except within about 5 cm of
both s ides of  the junct ion.  In an ideal  condi t ion,  these three should agree
with each other. The discrepancy may come from the disturbance of
sediments on the cutt ing plane due to spl i t t ing and/or the heterogenei ty
of  sediments residing from the beginning. There may also be a possibi l i ty
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that the long-core is somewhat offset on the transport ing plast ic boat. In
order to avoid effects both by disturbance of the sediments and by over-
relaxat ion at  the jo int ,  the method to jo int  wi thout over lapping data were
used.
4.3 Noise source and resolut ion
There are several possible source of noise in the pass-through
measurements. These are electromagnetic noise, the noise related to the
posi t ioning inaccuracy,  lateral  var iat ion of  the magnet izat ion in the
sample, and the noise introduced from the empir ical response as in Eq. (2).
The noise level of the SQUID system is inversely proport ional to
square root of the frequency with low pass f i l ter and the noise for 1 Hz is
calculated as 5.22x10-12, 4.94x10-12 and 6.74x16-tz ([m2), in x, y and z
axis, respectively. The est imated noise level of the measurement is
3.6x10-e Am2, which is larger of  the order of  3 than the electromagnet ic
noise.  Thus the electromagnet ic noise is negl ig ib le compared to the total
noise level except the formerly mentioned spike noises caused by other
electron ics.
Although the long-core is transported by a stepping motor, the
displacement from the proper posit ion can possibly be introduced by an
irregular extension of polyurethane rope due to heavy weight of the long-
core samples. The displacement may be a noise source in combination with
the gradient of the magnetizat ion at the point.  However, the residuals of
deconvolut ion for  the paleomagnet ic data of  two di f ferent AF
demagnet izat ion levels (15 mT, 20 mT) on sect ion 124-7ogB-7H6 show
very s imi lar  pattern in large scale (Fig.  15).  This suggests that  the
residuals are not mainly produced by the source changeable from one
measurement o another. Al l  the cores tested yielded the same results,
which can be interpreted that the noise source is mainly from noise in the
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Fig. 1 5. The residuals of deconvolution between the SQUID output and moment
calculated from the model magnetization on Section 7698-7HG forAF
demagnetization of 20 mT (solid l ines) and 15 mT (broken l ines). The dominant
pattern is very similar to each other indicating that the contribution of posit ioning















residual can be reduced further by using more accurate response curves,
however,  the resolut ion may be f inal ly restr icted by lateral  heterogenei ty
before encounter ing the l imi t  of  e lectromagnet ic noise.
It can be expected that the outer part of the APC is more affected by
dr i l l ing disturbance than the center of  the core.  Thus the U-channel
sampling from the center of the APC is desirable to reduce the lateral
heterogenei ty.  The U-channel  sampl ing technique reduce the heterogenei ty
and enhances the spacial resolut ion, however, this has another problem
that the magnetizat ion records tend to be affected by heterogeneity,
which may lead not to the global paleomagnetic f ield record but to the
magnetizat ion affected by local sediment art i facts such as bioturbation.
In order to get rel iable records of paleomagnetic f ield, the sample has to
have a certain volume. In th is sense, the measurement of  APC sample is
important for  the study of  the geomagnet ic f ie ld.
The important point is that the resolut ion of deconvolved
magnet izat ion cannot be signi f icant ly improved by reducing the
measurement spacing nor by reducing noise level as pointed out by
Constable and Parker (1991). They suggested that the best way to enhance
the spacial  resolut ion of  the magnetometer is to use smal ler  d iameter
pick-up coi ls for  the measurement.  A new high-resolut ion magnetometer
with smal ler  d iameter of  p ick-up coi ls (a modif ied 4.2 cm access model
755-R with two sets of SQUIDS) has recently been developed by 2G, which
enable us measurements of U-channel (20 mm x 20 mm of cross sect ion)
with spacial  resolut ion of  4 cm (Nagy and Valet ,1993; Weeks et  a l . ,1gg3).
Deconvolut ion of the data further increased the resolut ion to about 2 cm.
The SQUID magnetometer on Joides Resolut ion (model 760R) has
much larger spacial  resolut ion (-15 cm),  however,  the resolut ion of  the
magnetizat ion was shown to be reduced to about 2 cm in maximum by
deconvolut ion. As far as we use the exist ing magnetometer for the
measurement of archive half ,  the deconvolut ion presented here can be an
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important tool to raise the resolut ion of the paleomagnetic records. There
is an advantage of pass-through measurement on Joides Resolut ion that
the measurements are usual ly carr ied out wi th in a day typical ly several
hours after the recovery of APC samples. This may rule out the possibi l i ty
of al terat ion cause after the recovery of the samples. The deconvolut ion
can be used for ini t ial  scan for the records of geomagnetic reversals,
short events and excursions, and assessment for subsequent sampling.
This can also be a powerful tool for the detai led study of geomagnetic
secular variat ions, because pass-through measurement may be the only
way to get continuous records from ODP sediments due to the restr icted
sampling strategy of ODP.
5. Conclusions
The ABIC minimizing deconvolut ion was developed for long-core
paleomagnetic data of ODP sediments. The deconvolut ion scheme was
appl ied to the pass-through data of APC samples from Holes 7694 and
7698 of Leg 124 and the results are in favorable agreement with each
other especial ly in decl inat ion.  The deconvolut ion could enhance the
resolut ion f rom the former spacial  resolut ion of  p ick-up coi ls (-11 cm)
to the spacial resolut ion of about 2 cm in maximum for the data measured
at interval of 5 mm.
The noise est imat ion is qui te consistent wi th the ampl i tude of  noise
added before deconvolut ion for the synthetic data. This ensures that the
ABIC minimizat ion deconvolut ion is working wel l  as far  as the assumption
that the noise distr ibute as a Gaussian holds. Various test with respect to
response curves revealed that the old response is not appl icable for the
deconvolut ion, however, the cross term seems not to play an important
role in the deconvolut ion.
Main noise source of the pass-through data may be lateral variat ion
of the magnetizat ion and noise in the empir ical response curve. The noise
51
of the empir ical response curve can be reduced in some extent,  however
the spacial  resolut ion of  the measurement is essent ia l ly  l imi ted by the
lateral  var iat ion of  the magnet izat ion due to bioturbat ion and/or dr i l l ing
disturbance. Recent ly developed magnetometer for  u-channel  samples
with smal ler  d iameter pick-up coi ls strongly enhanced the spacial
resolut ion to about 4 cm (Nagy and Valet ,  1993; Weeks et  a l . ,  1993).
Although the new magnetometer is the powerful tool for the detai led
paleomagnetic study, the deconvolut ion scheme for the ODP pass-through
measurement system presented here can play an important role in the
detai led paleomagnetic study for i ts high productivi ty and prompt
measurement f ree of  a l terat ion.
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Part II : High resolution paleomagnetic records of
Brunhes/Matuyama polarity transition from
ODP Leg I24 (Celebes and Sulu Seas)
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A bstract
High qual i ty and high resolut ion record of Brunhes/Matuyama
polari ty transit ion was obtained from deep-sea sediments of ODp Leg
124 dri l led in the Celebes and Sulu Seas. Advanced piston core (APC)
samples wi th high magnet izat ion intensi ty and high sedimentat ion rate
were recovered from ODP Leg 124. Pass-through measurements were
conducted at intervals of 5 mm on APC samples across the
Brunhes/Matuyama polari ty transit ion for Holes 767B , 7694 and 7698.
A short normal reversal record prior to the Brunhes/Matuyama
transit ion was also obtained from Hole 7688, These pass-through data
were analyzed by AB|C-minimizing deconvolut ion.
The results from the three holes are in good agreement,
especial ly between two Holes of Site 769, 769A and 76g8, which are
about 100 m apart.  VGP shows eastward swing to north Atlant ic just
after the equator crossing. Relat ively stable intermediated vGp
posit ions were recognized before and after the transit ion. The
intermediate VGP posit ions after the reversal agree wel l  among the
three holes and persisted for about 2000-3000 yr.  The paleomagnetic
cube samples were also taken from the polari ty transit ion zones and
their VGP posit ions are in good agreement with the pass-through data
after deconvolut ion. These intermediate VGPs can be wel l  correlat ive
to the sediment record of Brunhes/Matuyama boundary from the Boso
Peninsula.  The longi tudinal  d istr ibut ion of  t ransi t ional  VGPs support
the idea of preference of the si te and VGP distr ibut ion *90o away from
the si te. The relat ive intensity was also est imated and 4O0O yr interval
of low intensity zone across the reversal boundary was recognized.
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1. Introduct ion
1.1.  Transi t ional  f  ie ld study
The study to understand the behavior of the geomagnetic f ield at
the t ime of  polar i ty t ransi t ion started by studying deep-sea sediment
cores (Opdyke et al . ,  1973; Kawai and Otofuj i ,  1976; Hammond et al . ,
1979). After these pioneering works, extensive works have been done
on deep-sea sediments of Deep Sea Dri l l ing Project (DSDP) and Ocean
Dri l l ing Program (ODP) (Clement and Kent,  1986; Valet  et  a l . ,  1989) and
other piston cored samples (Clement et al . ,  1982; Clement and Kent
1984, 1991; Theyer et  a l . ,  1985).  The sediments exposed on land were
also studied both of  marine sediments (Boso Peninsula;  Ni i tsuma, 1971)
and lacustr ine sediments (Lake Tecopa; Hi l lhouse and Cox, 1976). The
marine sediments f rom the Mediterranean area (Tr ic et  a l . ,  1991;
Linssen, 1988; Valet  et  a l . ,  1988; Laj  et  a l . ,  1988) has been increasing
the number of geomagnetic reversal records.
The volcanic rocks can be a good medium for recording
transi t ional  f ie ld of  geomagnet ic reversals by the benef i t  of  stabi l i ty
of  thermoremanent magnet izat ion (TRM). The Steens mountain (Oregon,
North America) record of a Miocene reversal is the most detai led record
measured on volcanic lava sequences (Mankinen et  a| . ,1985; Pr6vot et
al . ,  1985).  They studied paleointensi ty dur ing geomagnet ic reversal  as
wel l  as the t ransi t ional  f ie ld direct ions (Pr6vot et  a l . ,  1985).  There
have also been reports of geomagnetic reversal records on volcanic lava
sequences from Tahi t i  (Chauvin et  a l . ,  1990; Roperch and Duncan, 1gg0),
lceland (Dagley and Lawley, 1974; shaw, 1975) and Hawaii  (Bogue and
Coe, 1982, 1984; Hoffman, 1991).  The transi t ional  f ie ld of  geomagnet ic
reversal was also reported from intrusive rock cooled during a
geomagnet ic reversal  (Dodson et  a l . ,  1978).
Because successive volcanic act ivi ty with a lot of lava sequences
is needed to catch the rapidly changing transi t ional  f ie ld in detai l ,  the
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sites of volcanic records of young geomagnetic reversals are mainly
restr icted to act ive hot spot area. For this reason sediments have
advantage for the t ransi t ional  f ie ld study to cover geographical ly wide
area, al though the magnetizat ion of volcanic rocks are more stable and
rel iable than sediments.
1.2.  Evolut ion of  t ransi t ion f  ie ld models
The geomagnetic polarity reversal is the most dynamic feature of
the Earth's magnetic f ield, and a proper documentat ion may therefore be
expected to yield useful ideas about the generat ion of the geomagnetic
f ie ld '  In model ing reversal  t ransi t ional  f ie ld we have to start  wi th the
phenomenological  model to descr ibe the global  character of  the f ie ld
before construct ing dynamo models that can explain polari ty reversal
theoret ical ly.  Many attempts have been made to model the global nature
of the reversal transit ional f ield. The transit ional f ield models has
been developed as the quality and quantity of the record increases.
Hi l lhouse and Cox (1976) assumed that the non-dipole f ield can be
described as the sum of a westward dri f t ing and a standing component,
and accepted the est imate of 4600 yr for the durat ion of a reversal,
obtained from records in deep-sea cores, They calculated that,  i f  the
usual  non-dipole f ie ld remained unchanged dur ing a polar i ty reversal ,
i ts  westward dr i f t ing component should cause large longi tudinal
swings of the VGP which would be clearly visible in the records. The
absence of such characteristics in the Lake Tecopa record where
transit ional direct ions are confined along a great circle, led Hi l lhouse
and Cox to suggest that a standing component of the f ield is present
dur ing the main part  of  the t ransi t ion,  whi le the dipole f ie ld decreases
to zero and regenerates with opposite polari ty. This has been cal led the
'standing f ie ld '  model for  reversal .
A completely dif ferent conclusion was reached by Hoffman (1g77)
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who suggested that the reversals or ig inate in a wel l - local ized region
of the core and subsequently "f loods" into other regions. An important
aspect of this approach was the recognit ion that this process would
lead to zonal  t ransi t ional  f ie lds which involved simultaneous vert ical
incl inat ions in successive bands of lat i tude. The VGP path passes near
to the si te, or near to the antipode of the si te ( 'near'  or ' far sided' path).
Later Hoffman (1981) pointed out that  the standing f ie ld and f  looding
f ie ld models predict  d i f ferent f ie ld behavior associated with
sequent ia l  f ie ld reversals at  the same si te that  is  theoret ical ly
dist inguishable.  Speci f ical ly,  i f  a standing f ie ld predominates dur ing
the transi t ion and remains unchanged for t imes longer than the interval
separat ing two successive reversals,  the intermediate f ie ld geometr ies
should be ident ical  ( independent of  the sense of  the t ransi t ion).  Widely
dif ferent intermediate direct ions are, on the contrary, expected i f  a
f looding f ie ld controls the reversal  process.
The observation that zonal harmonics seemed to dominate
transi t ional  f ie lds (Ful ler  et  a l . ,  1979) led Wi l l iams and Ful ler  (1981)
to develop a mathematical model in which dipole component decay to
zero and grow in the opposi te sense, wi th the var iat ion in dipole f ie ld
energy fed into the lower order zonal  harmonics.  Valet  et  a l .  (1986)
measured the sediment records of Miocene reversals from Crete and
reported per iodic osci l lat ions in the angular displacement f rom the
pre-reversal  d ipole f ie ld direct ion,  which is s imi lar  to the secular
var iat ion seen when the f ie ld is not reversing. This led Wi l l iams et  a l .
(1988) to model the reversing geomagnet ic f  ie ld as zonal  harmonics
with a dri f t ing non-dipole f ield. The VGP paths produced by this model
sweeps around the surface of the Earth.
1.3.  Preferred longi tudinal  bands and clusters of  VGp
Recent ly long- l ived dipolar nature of  the geomagnet ic f ie ld dur ing
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polar i ty t ransi t ion has been discussed. Tr ic (1991) pointed out near ly
dipolar geometry for  the reversal  t ransi t ional  f ie ld through compi lat ion
of recent geomagnetic reversal records from sediments. Clement
(1991) also suggested the longi tudinal  conf inement of  VGP paths,
through the Americas or through Asia and Austral ia, for the
Brunhes/Matuyama polari ty reversal from 21 records of sediments and
volcanic rocks. The long-l ived preferred longitudinal bands of VGP
paths are discussed in correlat ion with the preference of p-wave
velocity low and pole-ward f low at the surface of the outer-core by Laj
et  a l .  (1991).  This leads to the speculat ion that the long l ived states of
the physical ( thermal) condit ion at the core mantle boundary (CMB)
controls VGP paths at the t ime of the geomagnetic f ield reversal.
Valet  et  a l .  (1992) rejected the idea of  preferred longi tudinal
bands by chi-square test on the data base from sediment and volcanic
records younger than 12 Ma. Other stat ist ical analyses on reversal VGPs
suggested that the preference of VGP paths is acceptable (circular
stat ist ics:  Laj  ,  1992a, 1992b; stat ist ical  s imulat ion on rotat ing
sectors: McFadden et al . ,  1993). However, i t  is pointed out that the
preference of VGP longitude can also be explained by the preference of
si te longitudes and VGPs +90' away from the si tes.
The cluster ing of  t ransi t ional  VGPs over western Austral ia and
southern part of South America are reported on volcanic rock records of
recent reversals (Hoffman, 1992). Brown et al .  (1994) also reported
Brunhes/Matuyama transit ion record from Chilean Andes which shows
cluster ing over Austral ia.  These may indicate the long- l ived incl ined
dipolar states during reversal.  on the contrary, pr6vot and Camps
(1993) compiled 400 intermediate poles f  rom 121 volcanic records of
excursions and reversals less than 16 Ma, which does not confirm VGP
clusters and rejected the idea of lowermost mantle control on the
transi t ional  f  ie lds.
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1.4.  This study
Although transit ional records of geomagnetic reversals have been
studied intensively for the past two decades, the nature of geomagnetic
f ie ld dur ing polar i ty t ransi t ions is st i l l  in debate.  The rel iable
transi t ional  records of  each dist inct  polar i ty t ransi t ion wi th enough
global  d istr ibut ion of  recording si tes are strongly required for better
understanding of  geomagnet ic reversal .
ODP Leg 124 were dri l led in the Celebes and Sulu Seas where
distr ibut ion of reversal si tes are sparse and recovered stable and high
in intensi ty paleomagnet ic records wi th high sedimentat ion rates.  The
reversal records of advanced hydrauric piston core (APC) samples were
obtained from the Brunhes/Matuyama transi t ion as mult ip le records.
Pass-through measurements of long-core samples on-board and
paleomagnetic measurements on discrete samples were performed.
Pass-through data measured at intervals of 5mm were analyzed by ABIC
minimizing deconvolut ion developed in Part  l .  The resul ts f rom three
Holes 7678, 7694 and 7698 show good agreement, especial ly between
7694 and 7698. The detai ls of  geomagnet ic f ie ld dur ing the
Brunhes/Matuyama polar i ty t ransi t ion is discussed.
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2. Geological  set t ing and sample descr ipt ions
The Sulu and Celebes Seas are western Pacif ic marginal basins
lying to the southeast of the South China Sea. Five si tes were dri l led in
the Celebes and Sulu basins during ODP Leg 12a (Fig. 1; Rangin and
Si lver,  1990).  Unusual ly detai led magnetostrat igraphic records of
Pleistocene t ime were obtained from advanced piston core (APC)
samples of Sites 767, 768 and 769 (Rangin and Si lver, 1990). Archive
halves of 1.Sm-long APC cores and discrete cube samples taken from
working halves of these three Sites were used for the study (Fig. 1).  Al l
the samples subjected to the study are l isted in Table 1.
2.1.  Celebes Sea (Si te 767)
Si te 767 (4.79"N, 123.50'E) is located approximately 100 km
f rom the Cotabato Trench in the Celebes Sea (Fig. 1).  Three holes were
dri l led at a depth of 4905 m and 787 m thick sediments were recovered
unti l  basalt ic basement was encountered. The sediment sequence
recovered at this si te ranges in age from late Middle Eocene to
Holocene. Sediment at this si te is deposited below carbonate
compensat ion depth (CCD). Four dist inct  l i thologic uni ts are recognized
at th is s i te (Rangin and Si lver,  1990).
The magnetic reversal sequence is wel l  determined in al l  or iented
APC samples (Fig. 2).  Due to the coring disturbance in XCB and RcB
cores and low incl inat ions of  paleomagnet ic resul ts,  no magnet ic
reversals can be recognized below 90.5 mbsf at this si te. The
Brunhes/Matuyama polari ty transit ion (Sections 7678-6H1, 6H2) was
recorded in the Uni t  I  sediment (Fig.  2) .
Uni t  I  is  a 56.8 m-thick Peistocene-Holocene h miperagic
volcanogenic c layey si l t  wi th rare calcareous turbidi te layers and
sparsely interbedded volcanic ashes (Fig.  2) .  The sediment is s l ight ly to
highly bioturbated, resul t ing in color mott l ing and a rack of
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Fig. 1 Location map of drilled sites
from Sites 767, 768 and 769 are
from Rangin and Silver (1990).
during Leg I24. APC samples
used for the studv. Modified
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Table 1. Advanced pioston core (APC) samples used for the study are listed. The pass-through
measurement and cube samples used for the study are indicated by circles. Orientations are
determined by the readings of Eastman Whipstock multishot tool (MS) and by averaging non-
transitional field directions (fit).
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Fig. 2. Schematic stratigraphic clumns for upper parts of
Sites 767, 768 and 769. Lithological units are specified by
roman numbers. Magnetic polarit ies identif ied are




preservat ion of  pr imary sedimentary structures.  The si l t  component of
the c layey si l t  is  pr imari ly volcanic ash, including glass shards,
pumiceous glasses, rock f ragments,  fe ldspar,  and hornblende. Biogenic
grains form only a minor component of  the c layey si l t ,  wi th s i l iceous
material  more abundant than the scarce calcareous grains.
As the Section 7678-6H1 is top of the Core, upper most part is
disturbed by dr i l l ing (Plate 1).  No signi f icant sediment structure was
reported for Sections 7678-6H1 and 7678-6H2 (Rangin and Si lver,
1990). However, there is a brown colored band from 65-70 cm, which
can be seen as a high of magnetizat ion intensity zone.
2.2.  Sulu Sea
Site 768 and 769 were dri l led in the Sulu Sea at a depth of 4383
m and 3643 m. Site 768 l ies in the deeper part of the SE Sulu basin and
Site 769 l ies on the f lank of the Cagayan r idge. Late Pl iocene to
Pleistocene sediments of Sites 768 and 769 deposited above CCD and
contains large amount of  foramini fera and nannofossi ls.
2.2.1.  Si te 768
Site 768 (8.00'N, 121.22"E) was dri l led in the SE Sulu Sea and the
water depth at this si te is 4384.4 m. The sedimentary sect ion overlying
the basalt ic basement at Site 768 is 1046.6 m thick ranging f  rom Early
Miocene to Holocene. The sect ion can be divided into f ive l i thologic
units. The paleomagnetic records of the APc cores were general ly
excel lent except for the lower part of the two Reunion Subchrons. The
Brunhes/Matuyama polar i ty t ransi t ion was recorded in Uni t  I  sediments
(Sections 124-7688-9H4 and -9H5).
Unit  I  is spanning 0-122.5 mbsf and consists of thin- to thick-
bedded marl  wi th varying proport ions of  nannofossi ls and foramini fers













Plate 1. Photograph of Core 124-7678-6H taken on board.
Sections are l-7, and CC (core catcher) from left to right. The
boundary of Brunhes/Matuyama polarity transition was
recognized at 27 cm of Section 2. Sections 124-7618-6H1 and
124-7678-6H2 are used for the study of Brunhes/Matuyama





















































gray to gray and are mostly massive and bioturbated. Planktonic
foramini fers and fewer benthic foramini fers as wel l  as nannofossi ls.
and clay are the principal components of the marl.  The minor
components are s i l iceous biogenic mater ia l  (spicules,  d iatoms,
radiolar ians,  and si l icof lagelates),  b ioclasts,  and volcanic detr i tus
(glass,  rock f ragments,  fe ldspar,  and hornblende).
Most of the marl is interpreted as pelagic sediment because i t  is
predominantly massive and bioturbated. Deposit ion must have taken
place above the CCD, which currently is deeper than the water depth
(4384.4 mbsf) at Site 768. However, some thin to medium beds display
normal ly graded bedding, planar laminat ion,  and rare convolute and
cross laminat ion indicat ing deposi t ion by turbidi ty currents.
Bioturbation is only present in the upper port ion of these beds. The
proport ion of recognized turbidi te beds is 7% of the thickness of Unit  l ,
but  th is is a minimum est imate because the structures that display
possible deposit ion by density currents may have been destroyed by
bioturbat ion or dr i l l ing disturbance (Rangin and Si lver,  1gg0).
Fining upward sequence was recognized in Section 768B-9H4 with
sharp base contact at 39 cm (Plate 2). Fining upward sequences were
also recognized in Section 768B-9H5 below 80 cm, however, al l  the
samples were col lected above these sequences and pass-through
measurement were not conducted. After the pass-through measurement
and sampling of paleomagnetic ubes, i t  was recognized that Section
768B-9H4 covers the short excursion l ike precursor of the
Brunhes/Matuyama transi t ion and the main t ransi t ion of
Brunhes/Matuyama seems to be around the top of Section 76gB-9H4.
2.2.2.  Si te 769
Site 769 (8.79"N, 121.29"E) was dri l led on the southeastern frank


























Plate 2. Photograph of Core 124-7688-9H taken on board.
Sections are I-7, and CC (core catcher) from left to right.
Sections 124-7688-9H4 and 124-7688-9H5 are used for the
study. Brunhes/Matuyama polarity transition was not
determined precisely, because the pass-through measurement
at intervals of 5mm was not conducted on Section 3. The
boundary is from l2O cm of Section 3 to top (3 cm) of Section
4. A short reversal precursor to Brunhes/Matuyama polarity












and volcaniclast ic strata was recovered. Three holes were dri l led at
this si te. The age of the sediments range from late Early Miocene or
older to Holocene. The sect ion can be div ided into three l i thologic uni ts.
The qual i ty of paleomagnetic data col lected at Site 769 was
general ly good in APC cores. Al l  the widely accepted magnetic reversal
boundaries above the bottom of the upper part of the Reunion Subchron
were recognized. Results indicate that the sedimentary column in Cores
124-7698-1H to -24H has accumulated since 9.4 Ma, with a few breaks
in deposi t ion.  The Brunhes/Matuyama transi t ion was obtained from Unit
l ;  Sect ions 769A-7H4 and -7H5 for Hole 769A, and Sections 769B-7HG
and -7H7 for Hole 7698. Holes 769A and 7698 were dri l led about 100 m
apart .
Uni t  I  is  formed by pelagic to hemipelagic marl  wi th nannofossi ls
and foraminifers deposited above CCD. The marl contains clay, abundant
nannofossi ls and planktonic foramini fers,  scattered benthic
foramini fers,  volcanic glass,  and varying amounts of  s i l iceous biogenic
mater ia l  (spicules,  d iatoms, and radiolar ians).  Minor th in beds of
volcanic ash and turbidi tes of foraminiferal ooze are also present
within the uni t .  The marl  is  gray to greenish gray in color and is
bioturbated throughout wi th fa int  laminat ions preserved in places.
Bioturbation is expressed by dark gray mott l ing and by 2 to 3 mm-thick
burrows that are f i l led by ash.
ln the upper part of the unit  (Cores 124-7698-1H to -7H), some
thin-to-thick,  upward-f in ing beds of  foramini fer  ooze are present.  The
lower-bounding contacts of  these layers are sharp and t  he upper l imi ts
are transit ional with the marl.  These layers are interpreted as
turbidi te deposi ts.  The deposi ts of  Uni t  I  show signi f icant sof t -
sediment deformation, which affects parts of the sect ion from about
15 mbsf to the bottom of the uni t .  The deformat ion is commonly
expressed as s l ight ly to steeply incl ined l i thologic contacts,  convolute
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lamination, and possible water escape structures, These features imply
that episodic smal l -scale s lumping has af fected signi f icant port ions of
Unit  l ,  but much of the sect ion nevertheless remains intact (Rangin and
Si lver,  1990).
The sediment of Sections 769A-7H4 and 769A-7H5 is highly
bioturbated massive marl  (Rangin and Si lver,  1990).  The marl  mainly
composed of  nannofossi ls,  foramini fers and clay.  Bioturbat ion is
evidenced by large mott les of dark gray and ol ive gray marl interpreted
as burrow f i l ls  (Plate 3).  The sediment of  Sect ions 769B-7HG and
7698-7H7 is massive nannofossi ls marl  with foraminifers extensively
bioturbated (Plate 4). These samples do not show normally grading
upward sequence nor structures indicat ing the presence of  s lumping,
which were reported some other samples f rom Unit  l .
2.3.  Core Orientat ion
Orientat ion of the APC samples were determined with an Eastman
whipstock mult ishot tool ,  which is r ig id ly mounted onto the core
barrel.  The Eastman-Whipstock tool consists of a magnetic compass and
a camera. The battery-operated camera photographs continuously at
prescribed intervals from 0.5 to 2 minutes from the t ime i t  leaves the
ship's deck. At the bottom of the hole, the core barrel is al lowed to rest
for suff ic ient t ime (2-8 min.) to sett le the compass needle and make
sure that several photographs are taken before the corer is shot into
the sediment. The photographs used for or ientat ion are those taken just
prior to shooting the core barrel into the sediment. The two
perpendicular gravi ty sensor are also included and al low the azimuth
and dip of the hole to be measured as wel l  as the azimuth of the APC
core double orientat ion l ine. The core orientat ion (east of north)
obtained are l isted in Table 1. The orientat ions calculated by averaging










































Plate 3. Photograph of Core 124-7694-1H taken on board.
Sections are l-7, and CC (core catcher) from left to right. The
boundary of Brunhes/Matuyama polarity transition was
recognized at 35 cm of Section 5. Sections I24-769A-7H4 and





















Plate 4. Photograph of Core 124-7698-7H taken on board.
Sections are l-7, and cc (core catcher) from left to right. The
boundary of Brunhes/Matuyama polarity transition was
recognized at 133 cm of section 6. Secrions r24-1698-7H6 and


























comparison. For cores trom 7678 and core 768B-9H, these two
or ientat ions are s igni f icant ly di f ferent,  which may be the disturbance
of magnetic f ield produced by the core barrel.  Orientat ions for other
cores are in good agreement. To keep consistency, the orientat ion
calculated by averaging non-transit ional f ield are used for the whole
cores.
2.4.  Sedimentat ion rates
2.4.1.  Revis ion of  Pleistocene geomagnet ic polar i ty t imescale
Recent a0Ar/3eAr dating on volcanic rocks (Spel l  and McDougal l ,
1992; Tauxe et al . ,  1992: Baksi et al . ,  1992; lzett  and Obradovich, 1994;
Baksi 1994) indicate that the K-Ar derived ages for geomagnetic field
reversals of Pleistocene t ime (Mankinen and Dalrymple, 1979; Berggren
et al . ,  1985; Har land et  a l . ,  1990) are incorrect  (Table 2).  The newly
developped method cal led 'astronomical cal ibrat ion' based on
adjustment of  618O data (Johnson, 1982; Shackleton et  a l . ,  19g0; Berger
et  a l . ,  1994) or sapropel  patterns (Hi lgen, 1991) to Mi lankovich
cycl ici ty show consistency with the recent aoAr/3eAr dated ages.
Cande and Kent (1992) compi led wor ldwide magnet ic anomal ly
data and produced new geologic polari ty t ime scale, which is consistent
with the results of a'A r lseAr dat ing and astronomical tuning. The
spreading rates for past few mil l ion years calculated by the revised
geochronological/astronomical ages are in much better accord (.2%)
with the rate calculated from space geodetic data (Baksi,  1994; DeMets
et al . ,  1994).
These l ines of evidence support that the revised ages for the
Pleistocene geomagnetic polari ty reversals should be used as a new
geomagnetic polari ty t ime scale. In this paper, I  wi l l  use the ages for
the polari ty boundary proposed by Baksi (1994). For the age of Cobb
Mountain Subchron aoArl3eAr dated age of rhyol i te from Cobb Mountain
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Table 2.  Revis ions of  geomagnet ic polar i ty t imescales (GPTS) for  Pleistocene age (ages are in kyr) .
Recent report of 40A r /3sAr dated ages and astronomical ly cal ibrated ages are systematical ly older than
the conventional GPTS ages. These are also consistent with the t ime scale calculated from magnetic
anomaly data by Cande and Kent (1992). B/M, uJ, lJ,  uO and lO represents Brunhes/Matuyama, upper
Jarami l lo,  lower Jarami l lo,  upper Olduvai  t ransi t ions and lower Jarami l lo t ransi t ions,  respect ively.
Category Paper rouOuJB/M
Conventional GPTS Mankinen&Dalrymple (1 979)
Berggren et al. (1985)


















4OAr/39Ar dated Spell&McDougall (1992)












1 050 1 780 2020
Astronomically
calibrated
Shackleton et al. (1990)
Hi lgen (1991)








1 790 1 950
1783110 1 955+10















Fig.  3.  Polar i ty t ransi t ions plot ted versus depth for  Holes l6 lB,  7688
and 169B. Sedimentation rates are calculated based on the geomagnetic
polarity t imescalse proposed by Baksi (1994), and the age of the Cobb
Mountain Subchron is from Obradovich and Izett (1992).
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(1.1910.01Ma) was used (Obradovich and lzet t ,  1992).
2.4.2.  Sedimentat ion rates of  Si tes 767, 768 and 769
Biostrat igraphic and magnetostrat igraphic data of ODP Leg 124
are combined by Shyu et  a l .  (1991),  however ages of  b iohor izons
interpolated by magnetostrat igraphic resul ts are not consistent
between sites and only a few of them are in good agreement with the
previous cal ibrat ions (Berggren et  a l . ,  1985).  They concluded that the
dif ference may be the results of redeposit ion by turbidi ty currents and
select ive dissolut ion of  key fossi ls.  Thus the most rel iable age marker
of  these sediments are magnetostrat igraphy i tsel f .
Magnetic reversal transit ions were plotted versus depth for Holes
7678, 7688, and 7698 in Fig. 3. For Hole 7678 magnetic reversal
t ransi t ions (Brunhes/Matuyama, upper and lower Jarami l lo,  and Cobb
Mountain Subchron) form almost strai t  l ine from the top of the hole
yielding sedimentat ion rate of  63 m/m.y.
Hole 7688 gives sedimentat ion rate of 98 m/m.y. from top of the
hole to the Brunhes/Matuyama boundary (76,3 mbsf).  A change in
sedimentat ion rates occurs from the Brunhes/Matuyama boundary to the
top of  the Olduvai  Subchron (118.5 mbsf) ,  where sedimentat ion rates
average 42 m/m.y. From top of Olduvai Subchron (1 18.5 mbsf) to
Gilbert/Chron 3An boundary (195.0 mbsf),  the depth versus reversal age
gives fa i r ly l inear corelat ion wi th average sedimentat ion rate of  20
m/m.y.
Hole 7698 yields very consistent sedimentat ion rate (80 m/m.y.)
from top of the hole to the base of the Jaramil lo Subchron (84.5 mbsf).
From the base of the Jaramil lo Subchron to the base of the Cochit i
Subchron (132.6 mbsf) ,  sedimentat ion rates decrease dramat ical ly
compared with the previous interval,  averaging 16 m/m.y. From the
base of the Jaramil lo Subchron (84.s mbsf) to the top of the olduvai
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Subchron (93.6 mbsf),  sedimentat ion rates averaged 12 mlm.y, and
sedimentat ion rates increased to 36 m/m.y. throughout he Olduvai
Subchron (93.6-102.3 mbsf) .
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3. Measurements
3.1.  Measurements of  archive hal f  samples
Just after the recovery of 9.Sm-long APC cores, each core was
spl i t  into 1.5 m-long sect ions.  In i t ia l  magnet ic suscept ib i l i ty
measurements were made on this whole-core sect ions with a
Bart ington Instrument magnet ic suscept ib i l i ty  meter (model M.S.1)
with a M.S.1/CX 80 mm whole-core sensor loop set at 0.47 kHz in the
low-sensi t iv i ty mode at  intervals of  10 cm. The volume magnet ic
susceptibi l i ty calculated on board in cgs unit  was converted to Sl unit
by mult ip ly ing 4n, and was corrected by using the coi l - to- inner core
l iner diameter rat io of  0.825.
After measurements of  magnet ic suscept ib i l i ty ,  whole-core
samples were spl i t  into working and archive halves (Fig. 4).  Archive
halves were subjected to pass-through measurements at intervals of 5
mm using a pass-through cryogenic superconduct ing magnetometer
(SRM) of 2G Enterprises (SRM model 760R) on board Joides Resolut ion
(research vessel of ODP). An AF demagnetizer (Model 2G600) capable of
AF f ields up to 25 mT in three axis was in l ine with the cryogenic SRM.
Long-core samples were demangeized at a peak AC f ield of 15 and 20
mT. The results after AF demagnetizat ion at 20 mT were used for the
study. A FASTCOM4 mult i-serial  communicat ion board was instal led in
the PC-AT compatible computer which controls the SRM, the
demagnel izer, and the step motor that transports the core sect ions.
Samples were inserted in the bore hole of the magnetometer by a
plast ic container connected to a stepping motor by a polyurethane rope.
The SQUID electronics of the SRM were operat ing at the 1X scale and
using f lux-counting mode. Sensor response curves for archive half  core
samples were measured with thin half  circle standard made of
magnetic cassette tape magnetized to three direct ions.




X Axis (core north)
Working Half
Y Axis (core east)
cube sample
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Fig. 4. Coordinates of APC samples and ODP SQUID system are
shown. Each Section of 1.5m-long is splitted into working and archive
halves. The archive half is subjected to pass-through measurement on





Table 3. List of corrections made on pass-through measured paleomagnetic data before
value shows the position of the correction and right value represents the magnetide of
in unit f lux quanta and other jumps and spike noises are in emu.
deconvolution. In each culumn, left
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7688-9H4 17 0 4.85E-05 349 1.52E-06 61 -2.03E-05







7698-7H6 35 1 29c. -3.49ts-U5 7 2 1 .0OE+00
229 1.76E-05
/69tJ- t t1 t 145 -3.60E-05
17 3 3.33E-05
noises. These noises were corrected according to the procedure
mentioned in Part I  of this study. Al l  the noises corrected for the APC
samples were l isted in Table 3. The f lux jumps frequently occur in X
axis.
3.2.  Measurements of  d iscrete samples
Paleomagnetic cube samples (2.1 cm x 2.1 cm x 1.4 crT' l  = 6.17 cc)
were col lected at intervals of approximately 5 cm from working halves
of the APC samples.  In i t ia l  magnet ic suscept ib i l i ty  was measured on
paleomagnetic ube samples by using a Bart ington Instruments
magnet ic suscept ib i l i ty  meter (model M.S.2) at  Kyoto Universi ty in low
frequency modes (0.47 kHz).
Paleomagnetic ube samples were subjected to PAFD (progressive
al ternat ing f ie ld demagnet izat ion) and PThD (progressive thermal
demagnet izat ion) exper iments almost al ternately.  Remanent
magnetizat ion was measured by a cryogenic magnetometer (ScT C-112)
at Kyoto University. Alternating f ield demagnetizat ion was conducted
using a 2G demagnet izer at  6-13 steps up to 60 mT in maximum.
Stepwise thermal demagnetizat ion experiment was conducted in a
home-made magnet ical ly shielded furnace up to 610"C at  13-18 steps.
The magnet ic f ie ld intensi ty remaining in the furnace is less than 10
nT.
Thermomagnetic analysis was performed on three sediment
samples with a termomagnetic balance at Kyoto University in a DC
magnetic f ield of 0.85 T up to 700'c at 8 "c/min in Ar gas. curie
temperature was calculated from heating and cool ing curves by f i t t ing
quadrat ic curves on the experimental data lower than the inversion
temperature with an accuracy of about s"c (Moskowitz, 1gg1).
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4. Resul ts
4.1.  Resul ts of  deconvolut ion
Remanent magnet izat ions were obtained cont inuously at  intervals
of 5 mm from APC samples after AF demagnetizat ion of 20 mT by a
pass-through SQUID magnetometer on borad. Pass-through data were
analyzed by ABIC-minimizing deconvolut ion scheme developed in Part  I
of this study. The magnetizat ion vector components obtained after
deconvolut ion are shown with or ig inal  magnet ic moments and residuals
on Fig.  5 (Sect ions 767B-6H1, 2),  Fig.  6 (Sect ion 7688-9H4),  Fig.  7
(Sections 769A-7H4, 5) and Fig. 8 (Sections TogB-7H6, 7).  General ly
quite detai led variat ions are recovered by deconvolut ion compared with
the var iat ions observable in or ig inal  magnet ic moment before
deconvolut ion.
Table 4 shows several prameters on the results of deconvolut ion
in each case. Natural log of smoothness parameter (tnu) that gives
minimum ABlc value ranges from -2.1 to -0.3 and corresponding
resolut ion l imi t  is  about 2 cm ranging 1.8-2.3 cm. S/N rat ios of
magnetizat ions were also est imated from the power of signal and rms
values of residuals. The rat ios for Holes 769A and 7698 are rather high
values of 50 and 42, and that for Hole 767P is low of about g. l t  tnu
(smoothness) decreases by highly f luctuating feature in some places of
the data, the resolut ion increases, hence S/N rat io decreases with
decreasing lnu as a result  of trade-off  between resolut ion and S/N
ratio. Thus low S/N ratio of Hole 7678 may come from strong signal
wi th high frequency, which is c lear ly seen in magnet izat ion of  y-axis
after deconvolut ion at the left  end (close to 0 cm; middle bottom of Fig.
5).  Section 7678-6H1 may suffer from contermination of rust from the
dr i l l  s t r ing to the sediment at  the top of  the Core.
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Fig. 5. Results of deconvolution for the pass-through measurement at intervals of 5 mm after exposure to
the demagnetizing field of 20 mT for Sections 767B-6H1 and 7 678-6H2. Results of X, Y and Z axes are
shown on the left, center and right columns, respectively. Top, middle and bottom rows represent magnetic
moment of pass-through measurements, residuals, and magnetization after deconvolution with 95 4o
confidence limits as vertical bars. resoectivelv.
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Fig. 6. Same as Fig. 5 for Secrion 7688 -9H4.
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5 for Sections 1698-7H6 and l69B-7H7.Fig. 8. Same as Fig.
Table 4. Results of deconvolution by ABIC minimization developed in Part lof this study. ABIC come to
minimum values at /nu values listed. S/N ratios for the raw measurements (magnetic moment) estimated
as root mean square values of residuals and for magnstization (atter deconvolution) estimated from error
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4.2.  Magnet ic mineral
The magnetizat ion of samples were almost removed by
demagnet iz ing in a peak al ternat ing f ie ld of  about 45 mT (Fig.  9a).
There seems to be no magnetic mineral of higher coercivi ty. The
magnet izat ion of  samples were almost completely demagnet ized by
heat ing up to 570-600'C dur ing thermal demagnet izat ion exper iments
(Fis.  eb).
Three bulk samples were subjected to thermomagnetic analysis in
Ar atmosphere and the thermomagnetic curves are plotted on Fig. 10.
Thermomagnet ic urves show Curie temperatures of  490-500'c upon
heat ing (Fig.  10;  sol id l ines) and 520-560"C upon cool ing (Fig.  10;
dotted l ines).  The cool ing curve exhibi t  increase in magnet izat ion af ter
heating to 700"C. This can be attr ibuted to the production of magneti te
from the matr ix of sediment samples. The dif ference in Curie
temperature between heating and cool ing may come from lag of rapid
temperature change and production of magneti te from the matr ix of
sediment samples. The true Curie temperature is expected to be around
510'c.  From the resul ts of  demagnet izat ion character and Curie
temperatures,  the remanence carry ing magnet ic mineral  is  considered
to be Fe-r ich t i tanomagnet i te.  The Curie temperature of  510"c for
unoxidized t i tnomagnet i te correspond to composi t ion of  about X=0.3
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Fig. g. Decay of remanent magnetization of samples against (a) AF
demagnettzation and (b) thermal demagnetization are plotted. Solid
circles, solid triangles and solid rectangles indicate the samples from
Holes 1678, 7688 and 7698, respectively. Remanent magnetizations
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Fig. 10. Results of thermo-magnetic analysis are shown on bulk
samples from Holes (a) 7618, (b) 7688 and (c) 1698. Samples were
heated in a DC magnetic field of 0.85 T up to 700'C at 8 oClmin in Ar
atmosphere. Heating and cooling curves are indicated by solid and
dotted l ines, respectively. Curie temperatures are calculated by








(Moskowitz,  1981). 9l
4.3.  Paleomagnet ic resul ts
Stable remanent magnet izat ions were general ly obtained from
paleomagnet ic ube samples outside of  the polar i ty t ransi t ion zones.
Two paleomagnetic samples from upper and lower ends of the sampled
interval were selected from each transit ion as pi lot specimens and
PThD experiments were conducted 3-4 months after the cruise. Samples
were stable against  thermal demagnet izat ion exper iments both of
reversed polar i ty (Fig.  1 1a) and normal polar i ty (Fig.  1 1d).  Low
temperature viscous components were completely demagnetized by
heating up to 150"C for most of the samples. High temperature
components wi th unblocking temperature of  more than 150"C were
demagnet ized l inear ly toward the or ig in of  the diagram unt i l  the
magnetizat ion almost vanishes up to heating of the 590"C. The
intensi ty of  natural  remanent magnet izat ion (NRM) is qui te strong
ranging 10-40 A/m. This can be attr ibuted to high concentrat ion of
magnet ic mineral  suppl ied as volcanogenic mater ia ls which were
recognized in the sediments (Rangin and Si lver,  1gg0).
Other samples were measured more than one year after the cruise
either by PThD or PAFD experiments. The PThD experiments of samples
within 10 cm of the formerly measured samples are compared and many
of them show unstable feature of apparent growth or looping of
magnetizat ion by heating above 200'C and was subsequently removed
around 400-450"C (Fig. 1 1b, e).  This may be interpreted as production
and subsequent destruct ion of magnetic phases of unstable viscous
nature by heating. The PAFD experiments of samples outside of
t ransi t ion zones yielded stable l inear t rend af ter  the demagnet izat ion
in a f ie ld of  10 mT which is consistent wi th the direct ions of  thermal
demagnet izat ion measured ear l ier  (Fig.  11c,  f ) .  Progressive
demagnetizat ion results from transit ion zone general ly give less stable
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Fig. I 1. Vector endpoint diagrams of progressive demagnetization
experiments for samples from Hole 7678 (a, b, c) and Hole 169B (d, e,
f). Solid circles (open circles) represent vector components projected
onto horizontal plane (vertical plane). Demagnetization levels are
shown by numbers attached in mT (AFD) and 'C (ThD). Two samples
of each hole from nearly upper and lower end of the sampled
intervals were subjected to the prograssive thermal demagnetization
experiments several months after the cruise (a, d). Other samples
were subjected to either PThD or PAFD more than one year after the
cruise. PThD (b, e) and PAFD (c, f) results within 10cm of the samples
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geomagnet ic f ie ld intensi ty dur ing polar i ty reversals.
I t  seems that the magnetizat ion of samples were affected by
drying in the laboratory, however, thermal demagnetizat ion up to 400'C
or al ternat ing f ie ld demagnet izat ion up to 10 mT is general ly enough to
get the pr imary direct ions.  Thus the paleomagnet ic direct ions of
discrete samples were determined on the basis of thermal
demagnetizat ion at 400'C and alternation f ield demagnetizat ion al 20
mT. Table 5 shows the paleomagnet ic direct ions,  intensi t ies obtained
after demagnetizat ion at AF of 20 mT and heating of 400.C. VGP
posi t ions were calculated for these paleomagnet ic direct ions and l is ted
'  in Table 5.  Volume magnet ic suscept ib i l i ty  before demagnet izat ions are
also l isted in Table 5. These results wi l l  be used in the next sect ion.
Relat ive intensi ty was est imated by normal iz ing magnet izat ion
intensi ty wi th the volume magnet ic suscept ib i l i ty  both for  pass-
through measurements and discrete measurements. Paleomagnetic ube
samples general ly show sl ight  reduct ion in intensi ty compared with
that of pass-through data after deconvolut ion. The discrepancy in low-
f ie ld suscept ib i l i ty  is  smal l  compared with the magnet izat ion
intensity. This may be the reduction of remanent magnetizat ion by the
effect of drying as was pointed out by Otofuj i  et al .  (1982).
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1 1 8-1 20cm
122-124cm
127-129cm
1 31 -1 33cm
1 35-1 37cm

























































































































































































Table 5. Results of progressive demagnetization experiments and initial magnetic susceptibilites.
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Paleomagnetic results were obtained for the measurement after demagnetization at 20 mT (AFD)
and 400"C (ThD). Orientations were corrected according to the average declination of non-
transitional field directions.
4.3.1.  Hole 7678
The paleomagnet ic resul ts of  Brunhes/Matuyama transi t ion f rom
Hole 7678 are shown on Fig. 12. The transition zone is characterized by
a low intensity of magnetizat ion at 48.25-48.75 mbsf fol lowing swing
in decl inat ion at 48.71 mbsf (Fig. 12). The low intensity of
magnet izat ion increased the error of  decl inat ion and incl inat ion af ter
deconvolut ion (Fig.  12).  Suscept ib i l i ty  is  rather consistent for  th is
interval  resul t ing in a decrease of  re lat ive intensi ty.  Relat ive intensi ty
have two highs at around 47.5 mbsf and 49.5 mbsf. The relat ive
intensity is reduced to less than 1125 of peak value at the boundary and
about 1i5 for the intensity low between 48.25 and 48.75 mbsf. The
suscept ib i l i ty  increases to about two t imes higher value at  47.2 mbsf .
Decl inat ion shows sharp change of polari ty at 48.7 mbsf fol lowed
by an intermediate direct ion at 48.5-48.7 mbsf about 30" east of north
and f inal ly set t le to the non-transi t ional  d i rect ions (north direct ing
dipole).  Incl inat ion gradual ly decreases from about zero just  af ter  the
reversal to -45' at 48.45 mbsf and come back to the negative low and
gradual ly to posit ive value at 48 mbsf. The VGP paths for the
transi t ional  d i rect ions are calculated and plot ted on Fig.  13.  The error
angle of  VGP is not indicated on Fig.  13,  which is qui te large of  about
30'.  The VGPs show quick swing to Afr ica, cross the equator to Alaska
staying for a long period (about 3000 yr assuming constant
sedimentat ion rate), change suddenly to northeast Canada, and shif t
gradual ly to the stable north dipole posi t ion wi th f luctuat ions.  This
correspond to the nearly stepwise change in decl inat ion at 48.5 mbsf.
Sparse data points between +30" lat i tude may indicate the rapid change
of f ie ld direct ions dur ing the polar i ty reversal .
Remanent magnet izat ions of  d iscrete sampres general ly show
quite consistent direct ions with those of pass-through data after

































1 2 4x10-" O 20 40
Declination lnc l inat ion Intensity (A/m) Susceptibility (Sl) Relative lntensity
Fig. 12. Pafeomagnetic results of Brunhes/Matuyama boundary for Hole 7678 (76'78-6Hl and, 76'1B'6H2) are shown.
DeclinatioD, inclination, intensity, susceptibility and relative intensity are plotted versus depth with a time scale
estimated by assuming constant sedimentation rate of 6.3 cm/kyr, Horizontal broken lines represent the boundary of
sections, Results (declination, inclination and intensity) of pass-through measurement before deconvolution ure ihornn
by dotted lines and results after deconvolution are sbown by holizonral bars of which tength indicatg 95% confidence
limits. Open circles and open triangles represent paleomagnetic results of cube samples after AF demasnetization of Z0
mT and thermal demagnetization of 400'C, respectively. Volume magnetic susceptibil i ty and relative intensiry
normalized by susceptibility aie plotted by solid circles for pass-through data and open circles fo! cube samples.















Fig. 13. VGP paths of Brunhes/Matuyama polarity transition for Hole 7678 are plotted. Location of the site is indicated
by a solid rccrangle. Thick broken line show the VGP path for the pass-through data before deconvolution. Solid lines
with small solid circles represent the VGP path for pass-through data after deconvolution. Open circles and open
triangles reprcsent VGPs of cube samples after 20 mT AF demagnetization and thermal demagnetization of 400'C. Bold
alphabets from a to j represent cube samples showing transitional directions
the transit ional direct ions are denoted by t 'a" to " i"  (polari ty reversal
proceeds in alphabetical order).  The results of demagnetizat ion on
discrete samples are shown on Fig. 14. The remanent magnetizat ion
below (before) the low intensity zone show stable direct ions (Fig. 14a).
Discrete samples from intensity low at 48.25-48.75 mbsf is unstable
against demagnetizat ion (Fig. t4b-j) .  Sample 767B-6H2, 24-26 cm
(Fig. 14b) seems most unstable, which corresponds to the swing of VGP
recognized in the deconvolut ion results of pass-through data. Although
unstable compared with the results outside the transit ion zone,
samples "c",  "e", " f" ,  "9" and "h" seems to give direct ions toward the
or ig in of  the diagram with large ampl i tude of  noise (Fig.  14c,  e,  f ,  g,  h ) .
Samples " i"  and " j"  show VGPs close to the second cluster over
northeast Canada. Fig. 14i show unstable character, however, Fig. 14j
seems to give rel iable direct ions of  negat ive incl inat ion and wester ly
decl inat ion above 250'C.
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See captions rn next page.
(e)
7678-6H2,9-l I cm; 48.59 mbsf OhD)
Up,W
( f )
7678-6H2,4-6cm; 48.54 mbsf (AFD)
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Fig. 14. Vector endpoint diagrams of progressive demagnetization experiments for cube samples of polarity
transition zone from Hole 7678. Alphabets a-j on Fig. 17 coEespond to (a)-C). The depth (age) of the sample
decreases (becomes younger) in alphabetical order. Solid circles (open circles) represent vector components
projected onto horizontal plane (vertical plane). Demagnetization levels are shown by numbers attached in mT(AFD) and "C (ThD). Samples a,d,f and i were AF demagnetized and samples b,c,e,g,h and j were subjected
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Fig.  14. (continued)
div.=1y193ly,
4.3.2.  Holes 769A and 7698
Paleomagnetic results from Holes 769A and 7698 show quite
consistent record wi th each other (Figs.  15 and 16).  Decl inat ions of
Holes 769A and 7698 show sharp swing at  62.3 and 61.75 mbsf,
respect iv ly.  Both show subsequent intermediate direct ion of  s l ight ly
east of north. Incl inat ion show steep negative value at the reversal
boundary, swing again to posit ive value and sett le to the low value.
VGP paths calculated for these direct ions were plotted on Figs.
17 and 18. Al though these two VGP paths show sl ight  d i f ference, their
pattern agree with each other indicat ing three segments of cusps or
smal l  loops below New Zealand (segment 1),  and central  to south
Paci f ic  (segment 2),  fo l lowed by a large loop over At lant ic touching
Green Land and to Alaska (segment 3).  The VGPs stay for about 2000-
2500 yr (16-20 cm) around the northern part of Canada (cluster) and
change to the posi t ion c loser to the axial  d ipole f ie ld.  l t  should be noted
that the large loop (segment 3) is signif icantly larger than gS%
confidence ovals both for 769A and 7698.
Volume magnet ic suscept ib i l i ty  is  a lmost constant wi th average
value of  8.0x10-a (Sl)  and show two peak values sl ight ly higher than
1.0x10-3 (s l )  in both records.  one is at  62.8 mbsf of  Hole 769A and at
63.3 mbsf of 7698, and another is at 61.6 mbsf of Hole 769A and at
61.2 mbsf of Hole 7698. Relat ive intensity calculated for both Holes
show gradual decrease from around 790 ka (63.1 mbsf for Hole 7694;
62.5 mbsf for Hole 7698) to the minima at the polari ty transit ion and
gradual ly increase to peak value at around 765 ka (60.9 mbsf for Hole
7694; 60.5 mbsf for Hole 7698). The relat ive intensity record of Hole
769,4 continues upward and sl ight ly decrease from about 60.9 mbsf to
top of the Section 769A-7H4. The minimum of relat ive intensity is
about 1125 of peak value at around 765 kyr. Oxygen isotope record
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Fig. 15. Paleomagnetic results of Brunhes/Matuyama polarity transition for Hole 769,4' ('7694-'7H4 and 769A-7H5) are
shown. Declination, inclination, intensity, susceptibility and relative intensity are plotted versus depth with a time scale
estimated by assuming constant sedimentation rate of 8.0 cm/kyr. Horizontal broken lines represent the boundary of
the sections. Results (declination, inclination and intensity) of pass-through measutement before deconvolution are
shown by dotted lines and results after deconvolution are shown by horizontal bals of which length indicate 95%
confidence limits. Volume magnetic susceptibility and relative intensity normalized by susceptibility are also plotted.
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Fig. 16. Paleomagnetic results of Brunhes/Matuyana polarity transition for Hole 7698 (7698jlH6 and 't69P'-7H:.) arc
shown. Declination, inclination, intensity, susceptibility and relative intensity are plotted versus depth with a time scale
estimated by assuming constant sedimentation rate of 8.0 cm/kyr. Horizontal broken lines represent the boundary of
sections. Results (declination, inclination and intensity) of pass-through measurefitent before deconvolution are ihown
by dotted lines and results after deconvolution are shown by horizontal bars of which length indicate 95% confidence
limits. Open circles and open triangles represent paleomagnetic rcsults of cube samples aftir AF demagnetization of 20
mT and thermal demagnetization 
_of 400'C, respectively. Volume magnetic susceptibility and relative intensity










Fig. 11. VGP paths of Brunhes/Matuyama polarity
by a sol id rectangle. Thick broken l ine show the
with small sol id circles represent the VGP path
transit ion for Hole 769A are plotted. Location of the site is indicated
VGP path for the pass-through data before deconvolution. Solid l ines


















Fig. 18. VGP paths of Brunhes/Matuyama polarity transition for Hole 7698 are plotted. Location of the site is indicated
by a solid rectangle. Thick broken line show the VGP path for the pass-through data before deconvolution. Solid lines
with small solid circles represent the VGP path for pass-through data after deconvolution. Open circles and open
t angles represent VGPs of cube samples after 20 mT AF demagnetization and thermal demagnetization of 400'C, Bold
alphabets from a to j represent cube samples showing transitional directions.
with the paleomagnetic results. The polari ty transit ion is about 40 cm
above the oxygen isotopic Stage 19.1.  This is consistent wi th the
relat ionships between Brunhes/Matuyama transi t ion and Stage 19.1
obtained from the deep-sea sediments of comparat ively high
sedimentat ion rates (deMenocal  et al . ,  1990)
Figs. 19 show PThD and PAFD results for the samples f  rom
transi t ion zone. The resul ts of  PThD (Fig.  19a, c,  e,  g)  show relat ively
stable features trending toward the origin. The results of PAFD (Fig.
19b, d, f  ,  h) is less stable, however, al l  the results, pass-through data
after deconvolut ion, PAFD and PThD results, are quite consistent on
- VGP paths (Fig.  18).Higher lat i tude loop of  the f i rst  segment
correspond to the depth range of  61.80-61.85 mbsf (-600 yr)  and
samples "a" and "b" is qui te consistent ly l ie wi th in the 95% conf idence
l imit  ovals for  the VGPs of  th is segment.
The second segment correspond to the depth interval of 61.75 to
61.79 mbsf (-500 yr) ,  however,  the demagnet izat ion character is
unstable (Fig.  19c,  d).  Samples "e" and "9" are thermal ly demagnet ized
and exhibi t  compl icated pattern wi th mult ip le component dur ing
stepwise heating. The viscous component was removed by heating up to
200"C. Between 200'C and 250'C magnetizat ion increased and was
subsequently removed above 300"C. This can be interpreted either by
the unstable character associated with the drying effect or real
geomagnet ic feature dur ing the t ransi t ion.  Above 300"C the
magnet izat ion vector seems to give pr imary direct ions.  Al though
sample "9" seems to have two components, the magnetizat ion at the
400"C heating is adopted. These direct ions give (Fig. 19e, g) VGp
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Fig.  19.  Vector
transition zone
demagnetized
endpoint diagrams of progressive demagnetization experiments for cube samples of polarity
from Hole 7698. Alphabets a-h on Fig. 22 correspond to (a)-(h). Samples b, d, f and h were
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Fig.  19. (continued)
div.=lxl0'3Am2
4.3.3.  Hole 7688
The records from Section 7688-9H4 is thought to have recorded a
short  reversal  precursor to the Brunhes/Matuyama transi t ion,  which
may be correlated with the record from other area (e.9. Okada and
Nii tsuma, 1989). This short reversal can also be recognized in the
decl inat ion records of Holes 7694 and 7698 (Fig. 20). l t  is not clearly
be seen in the record of Hole 7678, however, this may correspond to the
f luctuation in the direct ional record below 49.6 mbsf (Fig. 12). The
length of the normal polari ty short reversal is 40 cm (Fig. 21; 75.70-
76.10 mbsf) and the durat ion is 4000 yr assuming constant
sedimentat ion rate of 9.8 cm/kyr. The swing of decl inat ion at the top of
the Section (75.03 mbsf) may be the last swing of the
Brunhes/Matuyama transit ion (Fig. 21). However, the upper most part
may be sl ight ly affected by the unstable character of deconvolut ion
near the end. From the termination of the short reversal to the
beginning of the Brunhes/Matuyama is 67 cm and can be est imated to be
7000 yr for maximum sedimentat ion rate of 9.8 cm/kyr and 16 kyr for
minimum sedimentat ion rate of  4.2 cmlkyr.  The same interval  both for
Holes 769A and 7698 is about 120 cm, and the t iming is 15 kyr before
the last swing of Brunhes/Matuyama for sedimentat ion rate of 8.0
cm/kyr at this si te, which is close to the value calculated for 7688
using the minimum sedimentat ion rate.
Dur ing the short  normal reversal ,  magnet izat ion intensi ty is
relat ively low (about 4x10-3 A/m), which is comparat ive to the low
intensity zone of other Holes across the Brunhes/Matuyama boundary
(Figs.  12,  15 and 16).Relat ive intensi ty normal ized with the volume
magnet ic suscept ib i l i ty  is  constant ly low about 2,  which is also
comparat ive to the low of relat ive intensity around the
Brunhes/Matuyama boundary obtained for other Holes (Figs. 12, 1s and
16) and increases to about 13 below 76.5 mbsf (Fig.21).  The VGps are
113
Hole 7678 Hole 7688 Hole 769A



















































. l  t .
a:  :
a l  : ;
a:  i


















l l . ,|  :  . :
.  
- -  
i  
- - .  --  --- . ; -------a------
i :a:
I  r  a:
i ia
ta
i  ,  a:














52 78 65 65 64
-90 0 90 180270 -90 0 90 180270 -90 0 90 180270 -1.0 -2.0
degrees degrees degrees 6l8o degrees
Fig. 20. Depth plot of declination for pass-through data of Holes 7678,'7688, 769A and 7698 after lomT AF
demagnetization. For Hole 7698 below 62.4mbsf, paleomagnetic results of l5mT were used. Horizontal thick dotted line
and thin dotted lines show breaks of Core and Sections, respectively. Note the short revercal below the
Brunhes/Matuyama boundary recognizable in Holes 7688, '769A and 7698. Oxygen isotope record from Hole 7694 by
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Fig. 2l Paleomagnetic results of a short rcversal precursor to Brunhes/Matuyama pola ty tra[sition for Hole 76g8(768B-9H4 and 768B-9H5) are shown. 
_HorizoDtal broken lines represent the boundary of the sections.Brunhes/Matuyama boundary is assumed to be at the top of the Section. Declination. inclination, intensily, susceDtibil i tv





















































Fig. 22. VGP paths from Hole 7688 are plotted for (a) onset and (b) termination of
the short  reversal,  and (c) near the end of the core (possibly around
Brunhes/Matuyama boundary).  Locat ion of the si te is indicated by sol id rectangles.
Thick broken l ine show the VGP path for the pass-through data before
deconvolut ion. Sol id l ines with smal l  sol id circ les represent the VGP path for pass-
through data after deconvolut ion with thin broken l ines of 95Vo conf idence ovals.
Open circles and open triangles represent VGPs of cube samples after 20 mT AF
demagnetizat ion and thermal demagnetizat ion of 400'C. Bold alphabets from a to
e represent cube samples showing transi t ional  d i rect ions.
r t6
plotted according to the three phases of polari ty change recognized in
the record (Fig. 22). First is a very rapid swing over Austral ia and east
Asia (Fig. 22a), of which durat ion is about 500 years assuming constant
sedimentat ion rate of 9.8 cm/kyr. Second is reversed to normal polari ty
change over America (Fig. 22a), and the durat ion is very short of about
300 yr.  Third is normal to reversed polari ty change over America (Fig.
22b).
Discrete samples were not col lected within the short reversal of
normal polar i ty.  Samples below the f i rst  phase of  the normal polar i ty
(Fig. 23a, b) and around the f i rst phase (Fig. 23c, d) does not show
normal polari ty. Sample "e" between the f i rst phase and the
secondphase sl ight ly show an indicat ion of  remanent magnet izat ion of
normal polari ty above 400"C (Fig. 23e).
r17
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Fig. 23. Vector endpoint diagrams of progressive demagnetization experiments for cube samples
reversal for Hole 768B. Alphabets a-e on Fig. 17 correspond to (a)-(e). Samples a and c were
samples b, d and e were subjected to thermal demagnetization experiments.
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5.1.  VGP paths of  Brunhes/Matuyama polar i ty t ransi t ion
The VGP paths of the Brunhes/Matuyama polari ty transit ion
obtained from Holes 7678,769A and 7698 are plotted on Fig. 24. The
VGPs of Brunhes/Matuyama from Holes 7694 (dotted l ine) and 7698
(broken l ine) show excel lent agreement with each other. Although the
VGP paths for Hole 7678 (sol id l ine) is less stable, i t  seems to be in
rough agreement with the results of Holes 769A and 7698. There are
several important aspects of the transit ional VGPs,
The f irst feature is the two cusps or small  loops recognized over
south of New Zealand, and central to south Pacific. These two
intermediate VGP posit ion obtained by deconvolut ion of pass-through
data were confirmed by discrete samples of Hole 7698 both by ThD (Fig.
19a, c)  and AFD exper iments (Fig.  19b, d).  Al though the behavior against
stepwise demagnetizat ion is not so stable, the agreement between the
magnetizat ion by deconvolut ion of pass-through data from the archive
half  and discrete sample from working half  of Hole 7698, and between
the magnetizat ion of Hole 7694 and 7698, strongly support that the
true geomagnetic feature is recorded in the sediment. The records from
Hole 7678 is less stable and the error angle after deconvolut ion is
quite large (up to 30'),  however, the ini t ial  swing to Afr ica may
correspond to the f i rst cusp ( loop) of the VGPs from Site 769.
The second remarkable feature is a large eastward swing from
central-southern Paci f ic  to northern At lant ic touching Green Land to
Alaska found for the records from Holes 7694 and 7698. l t  has been
claimed that the t ransi t ional  VGPs can be explained by a smoothing
effect of intermediate direct ions just before and after the polari ty
reversal (Langereis et al . ,  1992; Rochette, 1g90; weeks et al . ,  19g2;
Quidel leur and Valet ,  1994).  However,  i t  is  qui te di f f icul t  to produce
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large eastward swing can be understood as a real geomagnetic feature
possibly caused by a dr i f t ing non-dipole f ie ld dur ing absence of  the
main dipole f ield. Even this feature can be smoothed by sediment and
resolut ion l imit  of deconvolut ion, and real geomagnetic feature may be
more complicated. The reason that this geomagnetic feature is not
clearly recognized in the record of Hole 7678 may be understood as the
instabi l i ty  of  sediment magnet izat ion,  because the sediment
environment of the Celebes Sea (Site 767) is di f ferent from the Sulu
Sea (Rangin and Si lver,  1990).
The third important feature of the VGPs is that the polari ty
reversal is fol lowed by a steady state of high northern lat i tude (50-
70'N) around Alaska to north Canada for about 2000-3000 yr.  l t  may be
qui te di f f icul t  to th ink that  the rapidly changing transi t ional  f ie ld is
locked-in by an unrecognized turbidi te effect to produce an
intermediate direct ion,  because the record f rom two di f ferent basins
show the same character.
The transit ional VGPs from Boso Peninsula is one of the most
detai led record of Brunhes/Matuyama boundary (Ni i tsuma, 1971; Okada
and Ni i tsuma, 1989).  Okada and Ni i tsuma (1989) obtained the
Brunhes/Matuyama transit ion records from the three sect ions of Boso
Peninsula (Fig. 25) and reported that the main phase of the
Brunhes/Matuyama transit ion is preceded by two short reversals at
about 500 yr (A') last ing 40 yr and at 1600 yr last ing about 300 yr
before the last swing of VGP at the transit ion. Besides, they recognized
three stages for the transit ional VGPs of the Brunhes/Matuyama
transit ion. The f i rst stage (D) is the clustering of VGps between
Austral ia and Antarct ica (40-70'5) after the short reversal of A' and
the last swing of Brunhes/Matuyama l st ing 500 yr.  The second (B) is
the cluster ing at  h igh northern lat i tude (50-70"N) around Siber ia
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Fig. 25. VGP lati tude records of the Brunhes/Matuyama polarity transit ion from
three river sections of Boso Peninsula (Yanagawa, Heizogawa and Chonan). The
top of the f igure is adjusted to the TNTT horizon (vaocanic ash layer). The
horizontal axis represents the distance between the three sites in km and the
vert ical axis show depths in cm below TNTT in the three sections. Redrawn from
Okada and Ni i tsuma (1989).
r22
axial  d ipole posi t ion (A).
The VGPs posit ions of this study and those from Boso Peninsula
can be correlated with each other; Short reversal A' from Boso
Peninsula to segment 1 of this study, stage D of Boso Peninsula to
segment 2 of this study, and stage B from Boso Peninsula to segment 4
of this study. However, there is a discrepancy between the VGP
longi tude of  equator crossing from Boso Peninsula (near ly same as the
longitude of Boso Peninsula) and this study (central Pacif ic).
Durat ions of  the polar i ty t ransi t ion are also calculated for the
Brunhes/Matuyama transi t ion f rom the direct ional  data by adopt ing
VGPs between lat i tude of +45" or +60" as transit ional (Table 6). The
durat ion for the Brunhes/Matuyama is calculated as 1000 yr in average.
Consider ing the smoothing ef fect  of  sediment,  the t rue geomagnet ic
f ield may be more rapid. Coe and Pr6vot (1989) suggested the
possibi l i ty  of  extremly rapid f ie ld var iat ion (3" per day) dur ing
geomagnetic reversals from the Steens Mountain record. l t  is possible
that the f ie ld var iat ion dur ing geomagnet ic reversal  when the main
dipole f ield is absent may be very rapid ref lect ing instabi l i ty at the top
of the outer core.
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Table 6. List of durations caluculated
7678, 769A and 7698. Durations were
constant sedimentation rates. Transition
between +60o of  lat i tude.
for Brunhes/Matuyama polarity transition of Holes
calculated from transition length by assuming
lensths were measured bv VGPs between +45o and



























5.2.  Short  reversal
The results from Hole 7688 show the short reversal precursor to
the main phase of the Brunhes/Matuyama transit ion. The same short
reversal can be recognized in the pass-through record of 769A (63.5-
65.7 mbsf) and 7698 (63.6-63.8 mbsf).  Schneider et al .  (1992) also
measured paleomagnetic ube samples from Hole 767B and 7694 (Fig.
26). Their results for Hole 769A (Fig. 26b) support the existence of the
short  reversal ,  however,  there is only a s l ight  def lect ion in decl inat ion
and incl inat ion at around 50 mbsf for Hole 7678 (Fig. 26a). They also
reported micro tekt i te layer with 200-300 counts per gram for Holes
7678 (Fig. 26a; 49.63 mbsf) and 7694 (Fig. 26b; 63.31 mbsf).  This tayer
can be used as a strat igraphic marker. The micro tekt i te layer of Hole
769A is about 20 cm above the short reversal and the corresponding
t ime interval  should be 2500 yr assuming constant sedimentat ion rate.
The corresponding depth interval for Hole 7678 is 16 cm and the short
reversal should be around 49.8 cm. The direct ional data of
deconvolut ion show large f luctuat ion,  which may be an indicat ion of
mixing of the short reversal by bioturbation.
At Hole 769A the termination of the short reversal is 120 cm
below the last swing of Brunhes/Matuyama and the t ime interval can be
calculated as 15 kyr assuming constant sedimentat ion rate of 8.0
cm/kyr. The t ime interval between termination of the short reversal
and the last swing of Brunhes/Matuyama boundary of this study
signi f icant ly di f fer  f rom that for  the Boso Peninsula by Okada and
Nii tsuma (1989). Oxygen isotope record was obtained for Hole 76g4 by
Linsley and von Breymann (1991) ,  and the short  reversal  correspond to
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Fig. 26. Paleomagnetic results and microtekti te layers identif ied from Holes 7678
(a) and 769,4. (b). Solid points indicate results from discrete samples and open
points indicate results of pass-through measurements after AFD at 10 mT at
intervals of l0 cm. Discrete sample directions are determined by f i t t ing progressive
alternating f ield demagnetization trajectories. Declinations are given with respect
to the double f iducial l ine on the working half sections. Intensity is normalized by
ARM magnetization (for discrete measurements) and by low-field susceptibi l i ty (for
continuous measurements). Microtekti te abundance data reflect the number of






5.3.  Test for  the preferred longi tudinal  bands
Preferred longi tudinal  d istr ibut ion over America,  and east Asia
and western Austral ia are proposed for transit ional VGPs by Laj et al .
(1991).  To test  their  hypothesis,  longi tudinal  d istr ibut ion of  VGPs of
Brunhes/Matuyama record was calculated for the transit ional VGPs
obtained in this study
Equator crossings (EC) are used by Laj et al .  (1991) to measure
the transi t ional  VGPs as a representat ive value of  longi tudinal
distr ibut ion. The ECs are calculated as a simple average of longitude of
VGPs lying lat i tude between +60". Valet et al .  (1992) proposed
alternative way to represent the longitude of transit ional VGPs by the
mean value of longitude (MVL). They thought that each VGPi should be
weighted by the cosine of i ts lat i tude (cos 1",).  This is achieved by
project ing the uni t  d i rect ional  vector (x, ,  y, ,  z,)  associated with every
VGP posit ion on the equatorial  plane as
where R =
Mean value of longitude with weight of i ts error (WMVL) were also
calculated. These values calculated for the transit ional VGPs of 7678,
769A and 7698 are l isted in Table. 7. The average value of EC, MVL and
WMVL are 210",210' and 231". The preferred longitudinal bands of
transit ional VGPs calculated by McFadden et al .  (1993) using 60"
rotat ing sectors are 266"E-325"E and 86'E-145"E. The longi tude
representat ive of the transit ional VGPs of Celebes and Sulu Seas is
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Table 7. Results of calculation representative of longitudinal distribution of transitional
VGPs. ECs (equator crossings) are calculated by simply averaging longitude within
transition zones. MVLs (mean value of longitude) were calculated by averaging vectors
of transitional VGPs projected on an equatorial plane (See text). Weighted version of
MVLs were also calculated with weight by error of each data point.


















average 21 0" 21 0' 231 "
outside the preferred bands of transit ional VGPs.
McFadden et al .  (1993) calculated the preferred bands for the
sites recording transit ional VGPs as 26'W-33'E and 147"W-154"E. They
conducted stat ist ical tests according to the independence of preferred
longi tudinal  bands and preferred longi tudinal  d istr ibut ion of  the s i tes.
Their conclusion is that the VGPs are l ikely to distr ibute +90' away
from the si te and that the data obtained from sites that fal l  wel l
outside the preferred si te bands are strongly needed. The longitude of
Sites 767 and 769 is about 120"E and the angle between EC and site
longitude can be calculated as about 90'.  This may support the
distr ibut ion of VGPs 190" away from the si tes suggested by McFadden
et al .  (1993).  They proposed possible mechanism for th is distr ibut ion as
nonl inear i ty of  the VGP transformat ion or increased incl inat ion errors
in sediments at  low f ie ld intensi ty.
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5.4.  Relat ive intensi ty
Relat ive intensity was calculated for the pass-through data after
deconvolut ion of Holes 7678, 769A and 7698 by normalizing with the
volume magnetic susceptibi l i ty (Fig. 27). The relat ive intensity for the
three holes show qui te s imi lar  pattern.  At  the Brunhes/Matuyama
boundary the relat ive intensity show very small  value of about 0.5 for
al l  the Holes. The zone of low relat ive intensity ( less than 2) was
recognized lasting about 4000 yr between 778 ka and 782 ka. The
relat ive intensity outside the low intensity zone is relat ively stable
with values between 2-5.  This middle intensi ty zone cont inue for 17
kyr between 771 ka and 788 ka including low intensity zone mentioned
above. The relat ive intensi ty increases further outside the middle
intensity zone with peak values at around 763 ka and 791 ka.
The t ime scale was determined by assuming the constant
sediment accumulat ion rate of 6.3 cm/kyr (7678) and 8.0 cm/kyr (769A
and 7698), because the sedimentat ion rate for these Holes are almost
constant f rom present to upper Jarami l lo polar i ty t ransi t ion (Fig.  3) .
The constant sedimentat ion rate can be supported by the Australasian
micro tekt i te layer reported by Schneider et al .  (1992) f  rom Hole 7678
and 769A (Fig. 26). The layers of micro tekt i te are at 49.63 mbsf for
Hole 7678 and 63.31 mbsf for Hole 7694. The Brunhes/Matuyama
boundaries obtained for this study are at 48.71 mbsf for Hole 7678 and
62.25 mbsf for Hole 769A. The depth intervals are g2 cm and 106 cm
for Holes 767B and 769,4. The corresponding t ime interval for Holes
7678 and 7694 are 14.6 kyr and 13.3 kyr assuming constant
sedimentat ion rate. As the dif ference is not so large, the sedimentat ion
rate values of 6.3 cm/kyr and 8.0 cm/kyr adopted for Holes 7678, and
769A and 7698 are appropriate.
The relat ive intensity record obtained from Holes 7678, 7694 and


















Relative intensity (NRMro/ 1)
Fig. 27. Relative paleointensit ies for Holes 16lB, 169A and 1698 are plotted versus
age. Relat ive intensi t ies were calculated by div id ing the intensi ty of  magnet izat ion
after deconvolution (AFD at 20 mT) by susceptibi l i ty. Ages are calculated by
assuming the age of Brunhes/Matuyama boundary as 780 ka and constant
sedimentation rate of 6.3 cm for Hole 1678, and 8.0 cm/kyr for Holes 169A and
I 698.
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paleomagnetic results from Holes 7678 and 769A, and obtained the
relat ive intensi ty normal ized both by volume magnet ic suscept ib i l i ty
and ARM of the samples.  Their  resul ts for  suscept ib i l i ty-normal ized
and ARM-normal ized relat ive intensi ty show qui te s imi lar  pattern in
large scale (Fig. 28). These two records seems to show negative
correlat ion in smal ler  scale of  about 2500 yr (-20 cm).  Thus the longer
term change as low and middle intensity zone can be considered as a
real geomagnetic hange.
The low intensity zone is also recognized in the record of Boso
Peninsula last ing 5400 yr showing reduct ion in intensi ty to about 40%
of outside the transit ion zone (Okada and Nii tsuma, 1989). The durat ion
of low intensi ty zone ident i f ied in th is study and from Boso Peninsula
agree very wel l  with each other.
Valet et al .  (1994) obtained relat ive paleointensity across the
Brunhes/Matuyama transi t ion f rom sediments of  At lant ic,  Indian and
Paci f ic  Oceans. They calculated relat ive paleointensi ty by normal iz ing
the magnet izat ion intensi ty by ARM and suscept ib i l i ty .  Their  resul ts
from three deep-sea sediment also show reduced intensity between 770
ka and 790 ka with several minor f luctuation inside. This may be
correlated to the zone of  middle intensi ty of  th is study.
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RCf 0-167 (North Pacl f lc)




MD900940 ( Indlan Ocean)
(5'33S-61'4E)
752 (At lsnt lc Ocean
(37'45S-38"3W)
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Fig. 28. Variations of relative paleointensities versus age in ODP Hole
851D, and in Cores KS752 and MD900940 across the Brunhes/Matuyama
boundary. Relative paleointensities were obtained by normalizing NRM
(natural remanent magnetization) both by ARM (anhysteretic remanent
magnetrzation) and K (susceptibil i ty). Core RC10-167 obtained from
discrete samples were also shown for comparison. Ages are constrained
by Brunhes/Matuyama and upper Jarami l lo t ransi t ion.  Note the
reduction in relative intensity at the Brunhes/Matuyama boundary to
about 20-25 7o of the intensity before and after the transition. Redrawn
from Valet et al. (1994).
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6. Conclusions
High resolut ion Brunhes/Matuyama transi t ion records were
obtained from Holes 7678,7694 and 7698 of ODP Leg 124. Several
important results were obtained about the detai led structure of
Brunhes/Matuyama polar i ty t ransi t ion.
The record of Holes 769A and 7698 indicate the presence of two
cusps of VGPs around south of New Zealand and central-south Pacif ic
prior to the equatorial  crossing of VGPs. The record of 769A and 7698
show eastward swing of VGPs just after the equator crossing. The
records of Holes 7678, 7694 and 7698 al l  show steady state of high
northern lat i tude (50-70'N) around Alaska to north Canada for about
2000-3000 yr af ter  the polar i ty t ransi t ion.  The intermediate direct ions
are comparat ive to the stage "B" of Okada and Nii tsuma (1989) after the
last swing of Brunhes/Matuyama transit ion recorded in the sediments
of Boso Peninsula.
Durat ion of  Brunhes/Matuyama polar i ty reversal  calculated from
the direct ional change is very short about 1000 yr.
The average longitude of transit ional VGPs were also calculated
to test the preferred longitudinal bands. The average vGP longitude
(MVL) value of 210" and the si te locat ion outside the preferred si te
band enforces the distr ibut ion of VGPs +90' away from the si tes.
Relat ive paleointensi ty across the Brunhes/Matuyama transi t ion
was also calculated. The results shows that the low intensity zone
persisted for about 4000 yr during the reversal.  This is very consistent
with the durat ion of low intensity zone (5a00 yr) calculated for the
reversal record f  rom Boso Peninsula (Okada and Nii tsuma, 1g8g).
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